J. Phys. Chem. R005,109,8705-8718 8705

Three-State 2,7-Difluorofluorescein Excited-State Proton Transfer Reactions in Moderately
Acidic and Very Acidic Media

Angel Orte," Eva M. Talavera," Anténio L. Macanita,*¢ Juan Carlos Orte," and

Jose M. Alvarez-Pez*

Department of Physical Chemistry, Wersity of Granada, Cartuja Campus, 18071 Granada, Spain, Centro de
Quimica Estrutural, Departamento de Engenharia @iga, Instituto Superior T@ico, A.2 Ravisco Pais s/n,
1049-001, Portugal, and Instituto de Tecnologia @ica e Biolgica, Oeiras, Portugal

Receied: March 11, 2005; In Final Form: August 3, 2005

2',7-Difluorofluorescein (Oregon Green 488, OG488) is a novel fluorescein dye derivative which presents
important advantages for improving the fluorimetric applications in the biomedical and biochemical sciences.
In agueous solution it displays four prototropic forms, namely cation (C), neutral (N), monoanion (M), and
dianion (D). In previous works, we found.(Phys. Chem. 2005 109, 734-747, 2840-2846) that OG488
undergoes excited-state proton transfer reactions, which may affect the results from applications using this
dye. We established that the excited-state proton transfer (ESPT) reactions between neutral, monoanionic,
and dianionic forms of OG488 are promoted by acetate buffer, and we characterized the ground and excited
species involved. We also solved the kinetics of the prototropic reactions using global compartmental analysis.
In the present paper, we extend our study on the ESPT reactions of OG488 to acidic media, in which only
the three prototropic species cation, neutral, and monoanion coexist. We have solved the kinetics of the
three-state ESPT reaction by means of global three-compartmental analysis of a fluorescence decay surface
in moderately acidic media (pH between 1.1 and 3.0), recovering the kinetic and spectral parameters of this
three-state system. This system is one of the most complex solved to date, due to the strong overlap of the
absorption and emission spectra of the neutral and monoanionic forms of OG488. We also found that the
cation behaves as “super” photoacid, showing a very high deprotonation rate constant (1084 ) and

an enhanced acidity. Therefore, we also carried out experiments at very high perchloric acid concentrations,
dealing with some other effects which become noteworthy at thesk THe presence of xanthylium cation
guenching due to “free” water molecules, and the reduction in the amount of water clusters acting as proton
acceptors, are processes which alter notably the time course of the excited-species in this highdkl

Introduction for a correct interpretation of the fluorescence emission data
when the dye is used as a fluorescent probe. Therefore, we

The fluorescein-based dyé,2-difluorofluorescein (Oregon decided to investigate this sort of reaction in OG488. In our

Green 488, OG488) is widely used in several fields of science, ; - .
such as biochemistry, biomedicine, neurosciences! &his Previous papers on O.G488’ we descrlped the excited-state prqton
fluorescence probe has recently been synthegiaed, its rapid exchange reactlons_m agueous _solutlon _at pH v_alues at which
popularization encouraged us to carry out an in-depth study onthe neutral, monoanion, and dianion species are involved. Spme
its fundamental spectroscopic and aelihse features. Since of these reactions are spontaneous.a.nd othgrs need a su'ltable
fluorination does not affect aciebase groups, Oregon Green proton acceptor/do_nor presen_t at_suff|0|ently high c_oncentratlon.
488 (0G488), as fluorescein, displays four prototropic forms We solved the excited-state kmenps of these reactions by means
in aqueous solutions: cation (C), neutral (N), monoanion (M), of glo_bal compartmental analysis (GCA) of a flgorgscence
and dianion (D), of which the dianionic form shows much higher emission decay surfaceand we correlated the kinetic and
fluorescence than the others. Two fluorine atoms impart higher @ssociated spectral parameters recovered with steady-state
polarity to the molecule, lesseningKp values, as occurs in ~ €mission spectraGCA is a powerful tool for unraveling the
chlorinated fluorescein’.This is favorable in biochemical ~ rate constants and relevant spectral parameters, in a single step
applications, since, at biological pH, the prevalent prototropic analysis} and it has been frequently used in the study of ESPT
form is the dianion. In a previous work we provided a reactions, both in the absef@nd the presenéé of a suitable
comprehensive description of the ground-state acid base equifroton acceptor/donor.

libria of the four prototropic forms of OG488 and their ground- In this work, we complete the study of the OG488 excited-
state K, values, as well as the steady-state fluorescence state reactions in aqueous solution dealing with the acid range
emission behavior of each specfes. of the pH scale from 1.1 to 3.0 by using perchloric acid for

The excited-state proton transfer (ESPT) reactions of fluo- changing acidity. We chose this acid because negligible quench-

resceifi® are important because they must be taken into accounting is induced by perchlorates at high concentrations, whereas

- . - chloride anions produce strong quenching on the OG488 cation
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values used in this work, and its formation in the excited-state suggested a four-molecule water clustee{4) as the critical
requires the presence of a suitable proton acceptor/donor. size of the acceptor for the deprotonation of aromatic alcohols
Furthermore, the quinoid form of OG488 was the only neutral in varied solventd’” Smaller cluster size has also been proposed
tautomer considered, since the lactonic form is neither absorbingas proton acceptors in strong neutral photoacids, such as
nor emitting in the visible range, and the low amount of cyanonaphthol3® 4-hydroxy-1-naphthalenesulfon@eHPTS
zwitterions seems to convert into quinoid in the excited-state, (8-hydroxy-1,3,6-trisulfonatepyrené),or hydroxyalkylnaph-
and can thus be ignored, as occurs in fluoresteive have thols3! the argument being that the apparent size of the water
established a three-state excited-state kinetic scheme, based ocluster acceptor decreases with the higher strength of the
the coexistence of three prototropic forms and the characteristicsphotoacic?® Therefore, the cluster size seems to depend on the
of fluorescence decays. This has been solved by using a threephotoacid employed and the suitable orientation of the water
compartment GCA. Among the few three-compartmental sys- cluster is also importaif€ Although neutral and cationic
tems solved!-*2the present system is one of the most complex photoacids cannot be compared to each other in reference to
due to the large spectral overlap of the species involved. In their dissociation reaction, and some authors reported that the
addition, few ESPT kinetics including more than two excited model of water clusters as proton acceptors was not applicable
species have been successfully investigated. Seixas de Melo eto cationic photoacid%} this model has been used in other
al. published® a general method for solving the “kinetic  cationic photoacids such as hydroxyquinolidgéccording to
triangle”, a three-state excited-state scheme with each specieines and Fleming proton transfer from cationic photoacids to
being formed from the other two species, and applied it to the solvent is governed by proton solvation. These photoacids
7-hydroxy-4-methylcoumar#i and harminé# Other examples  should therefore be good probes to test the proton solvation
of three-state excited-state reactions can be found for other dyesomplex, isolating it from the other solvation processes which
such as norharmari& chromotropic acid® and riboflavin!’ accompany neutral photoacid dissociattémModern theories

It is well-known that excitation causes a reduction in the of proton solvation in water propose a water dimer as the most
pK? value of the prototropic equilibrium between cationic and important proton acceptor in concentrated acid solutions. On
neutral forms of fluorescein and its derivativé2® In our the other hand, ab initio simulations of proton transfer in water
previous paper, we emphasized that the OG488 cation emissiorindicate that HO,™ cation is almost isoenergetic withg€ls™
was not detected at acid concentration below 2 M, although its cation. Some of these calculations further indicate that proton
absorption was clearly observed at this [HgI®So the cationic transfer reactions from cationic photoacids only require solvent
form of OG488 in aqueous solution can be considered as aability to stabilize the ejected proton along the proton-transfer
cationic photoacid, a kind of photoacid that, after excitation, coordinate, by way of appropriate solvation structures. These
undergoes a fast isoelectric proton-transfer reaction which doesstructures are specific for each photoa®id.
not involve the generation of an ion-pair. In general, these  Another important issue in the photoacids reactivity is the
cations are stronger photoacids than the so-called neutralinfluence of diffusion, leading to nonexponential decays subject
photoacids (aromatic alcohols like naphthol, pyrenol, and to the Smoluchowski theo?y generalized by Deby#.In the
derivatives) which dissociate, generating an ion-gair. photoacids chemistry, the rapid reassociation of the ejected

The spectral characteristics of the aqueous solutions of 0G488proton, the so-called geminate recombination, is caused by the
agree with the general consideration about the acidic charactermechanistic influence of diffusion. This was originally observed
of excited aromatic alcohoR.It is also in accordance with the by Pines and Huppéftand further analyzed theoretically and
idea that the presence of the positive charge in the carbon 9 ofexperimentally?®~39 In general, all these processes induce
the protonated xanthene ring provides an additional driving force nonexponential decay traces, due to the time dependence of the
for deprotonation of the hydroxyl group, enhancing the photo- rate constants (transient effect), although the conventional
acid character, as was described by Bardez et al. for the cationgpproximation of time-independent rate constants and multiex-
of bifunctional hydroxyquinolines, a family of stronger photo- ponential decays has been widely used providing excellent
acids than the corresponding monofunctional compounds, results*® The proper detection of the transient stage and the
naphthols, or methoxyquinoliné3 So, the OG488 cation can ~ power law limit has frequently involved their study in high
behave as an enhanced photo&@idjssociating via an iso- viscosity solvents in order to decrease the diffusion of the
charged process such as 1-aminopyf¢oe 6-hydroxyquino- reactants94142 or the use of approximations such as the
line22 The fact that the OG488 cation is such a strong photoacid convolution kinetics approaéh** (developed by Agmon and
means that high acid concentrations are required for detectingSzabd®), which has been found to predict with high accuracy
the cation emissiof.Therefore, in this work, we have also the initial and intermediate times of a diffusion-influenced
studied the [H] range between 11.1 M and pH below 1.0, also transient kinetics. Modern interpretations of the influence of
using perchloric acid for changing acidity. diffusion in proton transfers have required higher time resolu-

At these high acid concentrations, there are some other effectstion. Femtosecond experiments have thus shed light on the
such as viscosity changes, which alter the diffusion-controlled into the processes taking place in aclshse reaction¥;*°
processed: or the decreased availability of water molecules to although these studies should deal with other issues such as
accept a proton, which is reduced at high electrolyte concentra-Solvation dynamics.
tions, when the fraction of water molecules involved in hydration ~ As cited before, we shall deal in the present work with
process reduces the free water amount behaving as protorconcentrated acid solutions, in which the available “free” water
acceptor. The nature of the proton acceptor in deprotonation toamount and the water structure can be drastically altered,
water has been widely studiétland it is important in cases of  influencing the deprotonation rates. Apart from this effect, water
a reduced amount of “free water”, such as water:alcohol appears to specifically affect the fluorescence lifetimes of some
mixtures and highly concentrated acid solutions. There have dyes. For instance, Bardez et al. described a quenching process
been several proposals regarding the effective proton acceptordue to water of the neutral (protonated) chromotropic acid at
in excited-state deprotonation of photoacids. Most of the studieshigh perchloric concentratioi§,and Joshi et al. found that
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salicylic acid also shows quenching due to wétevloreover, 0.3
the parent compounds of fluorescein cations, the 9-xanthylium -
cations, are quenched by water molecules, as indicated by the
decrease in fluorescence lifetimes with decreasing aci#ity.
For a series of 9-xanthylium cations values between 86
1P and 2.51x 10° M~1 s~ were obtained for the quenching
rate constant? One possible explanation for this water quench-
ing is the enhanced nonradiative deactivation processes due to
water. The existence of differential nonradiative decay processes
depending on water content in alcohol:water mixtures has been
frequently noticed in a number of compounds, as aminonaph-
thalenes, aminonaphthalenesulfonafegminonaphthalimide 0.0 : ,
derivatives! or 5-cyano-2-naphthdt 350 400 450 500

In brief, this work completes the study of the kinetic and A (nm)
associated spectral parameters from the ESPT reactions of therigure 1. Absorption spectra of 5.0« 106 M 0G488 aqueous
novel dye OG488, namely, the reactions between cation, neutral,solutions at perchloric acid concentrations of 10.5, 8.2, 7.0, and 2.3
and monoanion, at pH values between 1.1 and 3, by means ofM. The arrow indicates the increase in acid concentration.
three-compartmental GCA. In addition, we also studied the
cation/neutral reactions at highly concentrated acid solutions, 1500 +
which reveal different processes related to the decrease in the
amount of “free” water with increasing acidity.

o
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Materials and Methods
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Reagents and Solutions2',7'-Difluorofluorescein (OG488)
was obtained from Molecular Probes Inc. and used without
further purification. Perchloric acid (Merck, analysis grade;-70
72%) and sodium hydroxide (from Panreac) were used for
changing acidity. Sodium perchlorate from Panreac was used .
to fix ionic strength. A slight quenching of the OG488 450 500 550 600
fluorescence was found in the presence of perchlorate ions. A (nm)

Stock solutions of 27'-difluorofluorescein (10* M) in 1.27 x Figure 2. Steady-state emission specti*(= 420 nm), normalized

1072 M NaOH were prepared using Milli-Q water. The required by the absorbance, of 5.2 107 M OG488 aqueous solutions at
volumes of the OG488, perchloric acid, sodium perchlorate, and [jcio,] = 2.3 ¢+ —), 4.7 (< —), 5.9 ¢++), 9.4 ¢ —), and 10.5 M ).

sodium hydroxide stock solutions were used to obtain the desired
concentrations of OG488, pH, and ionic strength. OG488 geometry after a collimating lens and a sheet polarizer (set at
solutions were kept cool in the dark when not in use to avoid the magic angle with respect to the excitation polarization) and
possible deterioration by exposure to light and heat, as occursdetected using a cooled microchannel plate (MCP) photomul-
in fluoresceirf? tiplier, after a double subtractive monochromator. The signal
Absorption and Steady-State Fluorescence Measurements.  from the MCP is amplified and delayed, being the START signal
Absorption spectra were recorded by means of a GBC Cintrain a MCS card installed on a computer equipped with the
10e UV—vis spectrophotometer, equipped with a temperature- software SPC 630, providing the constant fraction discriminator
controlled cell holder, using 1& 10 mm cuvettes. The blank  and the time-to-amplitude converter (TAC). Full details of the
solution was a perchloric acid solution of the same concentration picosecond laser system have been reported elsewhedex
as the sample. The steady-state fluorescence spectra werg0 mm cuvettes were used to acquire the fluorescence decay
acquired on a Perkin-Elmer LS 55 spectrofluorometer, using traces. Instrument response profiles were recorded using a light
10 x 10 mm cuvettes, and corrected through internal files scatterer, LUDOX colloidal silica solution (fwhm of 28 ps, see
provided with the instrument. A temperature-controlled cell Figure 9 for a representation of the instrument profile).
holder is also available in the spectrofluorometer. All measure- Histograms of the sample decay traces and instrument profiles
ments were performed at room temperature 2. were recorded until Hounts were reached at the peak channel,
Instrument for Time-Resolved Fluorescence Measure-  and using two scales, 5.94 and 1.22 ps/channel, along 4096
ments. The time-correlated single-photon counting technique channels. The complete fluorescence decay surface was com-
was used to record the fluorescence decay traces of OG488o0sed of traces acquired at the excitation wavelength of 420
solutions using two instrumental setups. A complete fluores- nm (this excites three species: cation, neutral, and monoanion),
cence decay surface was recorded on a home-built laser-basethe emission wavelengths of 450 (only cation emits), 470, 510,
time-resolved fluorescence instrument. This system employs a515, 550, and 580 nm, and different perchloric acid concentra-
regenerative mode-locked Ti:sapphire laser, pumped by an argortions between 11.1 M, and a pH value of 2.98.
ion laser. A pulse selector, a flexible harmonic generator, a  For acquiring the decay traces of OG488 solutions at different
synchronously pumped optical parametric oscillator, a Berek temperatures, a commercial Edinburgh Analytical Instrument
compensator, and a Glan-Thomson polarizer complete theFL900 ns time-resolved spectrofluorometer operating in the
excitation path. This setup allows fast and easy tuning of time-correlated single photon counting mode was used. The
excitation wavelengths over a range of 240 to 1300 nm and excitation source is a free running discharge flash lamp (nF900
provides stable 12 ps pulse trains. A beam splitter separates Nanosecond Flashlamp) operating at 7.0 kV, 0.40 ba), @hd
5% of the excitation light for generating the STOP signal in a a frequency of 40 kHz, with a temperature-controlled cell holder.
high-speed photodiode. Fluorescence was collected at 90 The decay traces were collected, usingx1@0 mm cuvettes,
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4.0 7 Higher acid concentrations are needed to detect the cation
fluorescence emission. This effect was described in our previous
3.0 Oh 5P oo ¢ papef and attributed to the rapid deprotonation of the excited
Opo C, since it becomes a strong photoacid. The shape of the
emission spectrum remained unchanged in the pH range between
2 20 0 and 2.12, showing a maximum at 513 nm, and a shoulder
v around 550 nm. Sinceiz = 1.02, and Ky = 3.61# the mole
10 fraction of the ground-state C in this pH range-@12) has
values between 0.91 and 0.07, whereas the mole fraction of the
N species changes between 0.09 and 0.90. The main excited
00 | 08 oooTB C0000— form is thus C with decreasing pH, which is confirmed by

, - 7/ observation of the excitation spectra. When acid concentration
o s 0 1 2 3 was increased above 2 M, a new emission band with a maximum
H1] PH at 471 nm appeared, and the emission band of N disappeared.
Figure 3. Fluorescence decay times recovered from_ global analyses This new band was assigned to the cation emission, as in
E)syt\rxbollnsg)(g dﬁgasy(;r?.ce;tfmg‘doc;r"’ﬁ? ‘;‘.que‘?éjs Sr?'“tr'](t’r”?.a;p'; ‘f"'“eﬁfluorescein1.8v19 Therefore, the emission of C is detected only
1?5 a?fj 1i.1aM (Ieﬁ).( Il?nezs’ \?verepgaﬁcucl)altcegclljsi(r:]cg) t(;]?e G?:lg eZuZt\i,(\;ﬁz _at extremg acidic Con_ditions’ indicating_its_rapid deprotonation
(see Supporting Information), through the eigenvalues of the compart- IN the excited-state. Figure 2 shows emission spectra of 0G488
mental matrixA with the rate constant values of Table 1. aqueous solutions at perchloric acid concentrations between 2.3
and 10.5 M. At acid concentrations above 8.2 M the emission
along 1024 channels of the multichannel analyzer with a time- spectral shape remained unchanged, as derived from observation
per-channel of 48 ps/channel, until the typical value of 10 Of the normalized spectra (not shown), although a slight decrease
counts at the maximum was reached. The instrument responsdn the emission intensity was detected with increasing acid
function was obtained using a light scattering solution (LUDOX concentration. Nevertheless, at perchloric acid concentration of
colloidal silica, Sigma). We recorded fluorescence decay traces11.1 M, the excitation at the red edge of the absorption band
of an OG488 solution at [HCIE) = 9.4 M, at the temperatures  results in a red-shift in the wavelength of the emission
of 278, 293, and 318 K, usintf*= 420 nm and two different maximum, although with no change in the spectral shape. Thus,
Aem 450 and 515 nm. when the excitation was changed from 448 to 454 and then to
The decay traces of solutions at the same acid concentration56 nm, the emission maximum of the cation displayed shifts
and temperature were globally analyzed by means of the usualffom 471 to 475 and 476.5 nm, respectively. This dependence
deconvolution methods, based on Marquardt's minimization. of the emission spectra on the excitation wavelength is
The tested decay functions were multiexponentials, where the characteristic of the so-called red edge effect and implies that
decay times were linked as shared parameters, whereas théhe solvent shell around the cation has reduced mobility for the

preexponential factors were local adjustable parameters. reorientation of their dipoles around the excited-state fluoro-
phore, resulting in a monotonic relaxation proc#ss.
Results Time-Resolved Fluorimetry. C* = N* = M* Kinetics

Studied through Global Compartmental Analysis.We studied

the time course of the three excited species involved in the
proton-transfer processes in the pH range between 1.1 and 3.0,
and the kinetics of these excited-state reactions, by using time-
resolved fluorimetry and the global compartmental analysis
approach. The complete decay surface, described in Materials
and Methods, was initially analyzed in terms of decay times
and associated preexponential factors, although the kinetics of
the excited-state processes involving C, N, and M were resolved
through the one-step global three-compartmental analysis.

Absorption Measurements of OG488 Aqueous Solutions
at pH Values below 3.In our previous paper, a comprehensive
study of absorption and ground-state equilibria of OG488 was
carried out. Scheme 1 shows the different species Kpslgdues
found in aqueous solutions at the0.1 to +12.4 pH range
studied? In the present paper, we focus on the behavior of
0G488 at pH values below 3. According to our previous work,
only cation, neutral, and monoanion exist below pH 3. The
absorption spectra of the solutions used in the present work, in
the pH range 1.13.0, are in complete agreement with the

expected spectra based on the reportéggmd molar extinction As cited bgfore, very high acid concentratiqns_were necessary
coefficients €). This confirms the reliability of the i, ande; to detect cation steady-state fluorescence emission. Nevertheless,
values previously recovered. in the following study, we have only used OG488 solutions at
Additional features were noticed at very high acid concentra- PH values between 1.1 and 3.0. In this biased pH range the
tions. Thus, when HCIQconcentrations ab@2 M were used, processes of interest are quite conspicuous, since the three

the single absorption band with maximum molar extinction SpPecies (C, N, and M) are present in the ground state according
coefficient at 437.5 nm, recovered for the 0G488 cdtahowed {0 our previous absorption data, whereas only steady-state
a gradual blue shift with increasing acid concentration, from fluorescence emissions from N and M species are detected. At
437.5 nm (at [HCIQ] = 2.3 M) to 430 nm (at [HCIG] = 11.1 higher acid concentrations, additional effects, related to changes
M), (Figure 1). The spectra showed no apparent modification in media viscosity, ionic strength and water activity, are
in shape and no isosbestic points were found. Instead, the shiftobserved, and will be discussed later.
is continuous with increasing perchloric acid concentration. Individual and Global Analyses. Fluorescence decay traces,
Steady-State Fluorescence Measurements of OG488 Aque- at every emission wavelength, pH and time scale, were
ous Solutions at pH below 3The most remarkable feature of individually fitted in terms of decay times and preexponential
the steady-state fluorescence spectra of OG488 below pH 3 isfactors, and then, decay traces from solutions at the same pH
that the cation emission is not detected at acid concentrationswere globally analyzed. In the usual global analysis approach,
belov 2 M (Figure 2), although cation absorption is clearly decay times were linked parameters over all the decay traces,
observed in the range between pHo2tM HCIO, (Figure 1). while preexponentials were locally adjustable parameters.



Three-State Proton Transfer Reactions J. Phys. Chem. A, Vol. 109, No. 39, 2008709

1.0 104 #——8-8-—8-——-8--———4
-
s g ® o
o 0.5
Q 0.5 1 N
O-<~
O-O--—o __ X ____o
E///&\\\ 0.0 -—v—-‘ v ==
A m e o ° -3
o
0.0 ——w»—v—Np—-N ===V
T T T -0.5 T T I
1 2 3 1 2 3

Figure 4. Preexponential factors associated with the longliytibtermediate ¥), and shortest decay time®), recovered from global analyses

of decay traces, at the emission wavelengths 470 (a) and 580 nm (b), from OG488 in aqueous solution at pH values between 1.1 and 3.0. Also

shown are the preexponential factofSi{--v-, and ©- associated with the longest, intermediate, and shortest decay times respectively) calculated
by means of the general equations (see Supporting Information), using the recovered valugsaoflk; from the GCA. Note that in part a the
factors are normalized according ¥pi = 1, whereas part b shows the ratios of each preexponential divided by the factor associated with the
longest decay time, due to the presence of negative preexponential factors.

results, showing negligible dependence with the initial guesses
of the parameters, and an associated error of about 20% in the
recovery of the shortest decay time.

At emission wavelengths of 510, 515, 550, and 580 nm
(mainly N and M emissions), the individual analyses of decay
traces also provided good double-exponential fits, but the two
decay times were both in the nanosecond time range. The
largest, around 3.17 ns, is common to those recovered at the
emission wavelengths of 450 or 470 nm, and almost pH
independent. On the contrary, the short decay time, which
increases from 0.29 to 2.58 ns with increasing pH, is much
' ' ' ’ ' longer than the 612 ps decay time recovered at 45070 nm.

This decay time showed a decreasing negative preexponential
factor with increasing pH, whereas the preexponential associated
100 ] ° } with the largest decay time was always positive. The presence

1.00 A

of the rise-time at these emission wavelengths indicates that
the emitting species is/are formed in the excited-state process.

0.75 1 In general, three-exponential decay laws were the best models

5’, to fit globally the experimental decay traces from solutions at
0.50 - @ 5 the same pH. The decay times from the global analyses vs pH
. i are represented in Figure 3 as symbols. Figure 4a shows the
0.25 A g < normalized associated preexponential factors vs pifat=
470 nm (filled symbols). At this wavelength the preexponential

% values associated with the intermediate decay time are close to
000{ = . . e
zero, which explains the acceptable double-exponential fits from
450 500 550 600 indiv_idual analysis. Figure 4b shov_vs the associated preexpo-
b "™ (nm) nential factors vs pH at the emission wavelength of 580 nm
(filled symbols). It can be seen that the factor associated with

(O), neutral {), and cation @), recovered by GCA of the fluorescence the shortest decay time was poorly recover(_ad, showing no tre_nd
decay surface of 0G488 aqueous solutions at pH values between 1.2When repr.esented vs pH and randomly varying between negative
and 3.0. Lines in Figure 5a represent thealues calculated using the ~ and positive values.
general equations (see Supporting Information) and the ground-state ~ Global analysis is more powerful than individual analysis as
results from our previous paper. it permits analysis of a fluorescence decay surface recorded at
different wavelengths, taking advantage of the relationship
Individual analyses of traces acquired at the emission between different decay traces over the complete decay surface.
wavelengths of 450 and 470 nm provided good fits with Nevertheless, in the application to the OG488 system, global
biexponential functions, showing a short decay time (between analysis introduces fluorescence decay times that are poorly
6 and 12 ps) and a longer one around 3.17 ns. The magnituderecovered at the emission wavelengths in which individual
of the short decay time indicates the presence of a very fastanalyses were well fitted by biexponential functions. When these
process, which we assign to the deprotonation of OG488 cation.decay times are long enough, as is the case of the intermediate
Since these wavelengths correspond to cation emission, thedecay time, the associated preexponentials result in a monotonic
preexponential values associated with both decay times werenear to zero value, for instance &™ < 470 nm. On the
positive. The magnitude of the short decay time is in the limit contrary, if the decay times are short, a small error in these
of resolution of our time-resolved fluorescence instrument. poorly recovered decay times originates a considerable deviation
Nevertheless, the deconvolution method provided consistentof the associated preexponential values. These features give rise

Figure 5. Excitation (a) and emission parameters (b) of the monoanion
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Figure 6. Preexponential factors associated with the londastittermediate ¥), and shortest decay timeS)from global analyses, as a function

of the perchloric acid concentration, at the emission wavelengths of 450 (a) and 550 nm (b). The factors at 450 nm are normalized aFgprding to

= 1, whereas those from decays at 550 nm are the ratios of each preexponential divided by the factor associated with the longer decay time, due
to the presence of negative preexponential factors.
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Figure 7. Fluorescence decay traces (green) of OG488 aqueous soluti¥ns 420 nm) at (a) [HCIQ = 2.3 M, A*™ = 470 nm, and 1.22
ps/channely? = 1.062; (b) [HCIQ] = 5.8 M, A*™= 550 nm, and 5.94 ps/channgf, = 1.108; (c) [HCIQ] = 5.8 M, 2*™= 450 nm, and 1.22
ps/channely? = 1.148; and (d) [HCIGQ = 11.1 M, 1*™= 510 nm, and 5.94 ps/channgf, = 1.014. The instrument response function (blue line)
and the triexponential fitting (red line) are also shown. The plots underneath show the weighted residuals from the fits.

to the random distribution observed for the recovered preex- reaches values of the same order as the shortest decay time. At
ponentials associated with the shortest decay time$at these acid concentrations, the best decay law to globally fit the
510 nm. decay traces was thus a biexponential function, whereas the
At pH values between 0.3 and 1.1, the intermediate decay individual analyses of traces 4™ > 510 nm were monoex-
time decreases with the increase in acid concentration, until it ponentials. The preexponential factor associated with the shortest
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SCHEME 1. Acid—Base Ground-State Equilibria,
Equilibrium Constants (pK;), and Prototropic Species of
° 0G488 in Aqueous Solution
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Figure 8. Plot of log(Y — kon) vs log[H']. The linear regression
includes only the values up to the saturation.
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Figure 9. (a) Estimatedkyc values at different perchloric acid

concentrations. (b) Logarithmical plot of tikgc values of Figure 9a

vs water activity (in the molar scale) as a representation of the free
amount of water acting as proton acceptor.
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decay time is thus recovered with very low reliability and
accuracy.
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SCHEME 2. Kinetic Model of the Two Consecutive
Excited-state Proton Transfer Reactions between
Monoanion (M), Neutral (N), and Cation (C) of OG488
in Aqueous Solution
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the normalized emission parameters of M andéM({e™ and
cn(A®M) at each emission wavelength. The theory and details
of the GCA fitting process are provided as Supporting Informa-
tion.

In the GCA, the availability of a priori information provides
certainty of recovering unique values for adjustable parameters
and is a tool for verifying the coherence of results from global
compartmental analysis. In our study, we have the following
information at our disposal: (1) according to steady-state
spectra, neutral and monoanionic species do not emit at 450
nm ©u (450 nm)= &y(450 nm)= 0), and emission at 470 nm
is very slight; (2) the excitation parameters can be calculated
according to previous absorption data and ground-state results,
giving the possibility of comparing recoverds values with
those calculated; (3) excitation of OG488 monoanion at thg [H
used is almost zero in most of the decays; (4) we reported
elsewher¢a value forkgy of (2.944 0.01) x 108 s71; (5) the

state, and time-resolved fluorescence results provided abovepresence of OG488 dianion can be completely ignored, since
suggest the presence of a coupled kinetic system consisting ofat the pH values used in this work it does not exist in the ground-
three ground- and excited-state species. Therefore, we proposétate and its formation from M is not favorable in the absence
Scheme 2 showing the ground-state equilibria and excited-state0f @ suitable proton acceptor/donor, such as acetate Buffer.
reactions taking place. Because of the high complexity of the  The recovered rate constants, species lifetimes, and calculated
system, at pH values in which the reprotonation reactions are pK} are shown in Table 1. Using these rate constant values, we
not negligible, we used GCA to solve the excited-state kinetics. calculated the decay times according to the general equations
The GCA approach has shown several advantages in this sorof the compartmental model (se®upporting Information
of systems. Figure 3 shows the excellent agreement between calculated
The fitting process assumes the recovery of seven ratedecay times (lines), and the decay times recovered from global
constants, depicted in Scheme 2, the normalized excitationanalyses (symbols). Finally, Figure 5 shows the recovered
parameters of M and Nof;(pH) andbn(pH)) at each [H], and excitation f)) and emission&) parameters. As can be seen in
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TABLE 1: Recovered Rate Constant Values from Global increasing associated amplitude with increasing acid concentra-
Three-Compartmental Analysis of the Fluorescence Decay tion. The intermediate decay time always showed a very low
g%rface of OG488 Aqueous Solutions at pH between 1.1and 4y resolved associated preexponential. From the decay traces
- atA®*™> 510 nm, the longest decay time was recovered with a
kow (5 (3.07+0.04)x 10° 7y = Lhkow = 3.26:£ 0.04 ns positive well-defined preexponential factor, whereas the shortest
Eg g—@ g:éiio%())i) fogog ;2 — i;lkéz _ g:%iiogl'on:’;ns decay time generally showed a negative preexponential factor.
kun (57D) (3.9+ 0.1) x 107 PKY = 3.14+ 0.09 The preexponential factors associated with the intermediate
kae M~1sY)  (5.44 0.6) x 10© decay time were scarcely recovered and showed dependency
kne (579 (1.04+0.04)x 10" pK%=—1.79+ 0.08 on the initial guess. Figure 7 shows some experimental decay
ken(M~tsha (1.740.1) x 1 traces, the convoluted global fitted function, the weighted
aRecovered by linear fitting of the individusiky (see Supporting residuals, and the |nst.rument pI’OfI|e.. )
Information for details)? Calculated using<?, = kuy /kuu. ¢ Calcu- The three-exponential decay laws in this‘JHtange and the
lated usingKZ = ke /ken. unusual trends of the decay times make the proposed model
. for the C*= N* = M* reactions insufficient. These extremely
this figure, the agreement between recoveedalues (sym-  acidic media show some special characteristics that hinder the

bols), and those predicted by our previous absorption data,study of the excited-state processes. At such a high acid
shown as lines, is also very good. Nevertheless, the c@ion  concentration some other effects could alter the excited-state
values seem to be overestimated with respect to the nditral  pehavior of the OG488 species. These will be considered in
values al®™= 510 nm, since, from Figure 2, it can be observed the Discussion.

that N has higher emission efficiency than C, in the wavelength  \ye have also carried out some measurements of fluorescence
range between 510 and 580 nm. By using the recovered valués,mission decay traces of OG488 in 9.4 M perchloric acid
of kj, by, andg, the preexponential factors were calculated and gg)ytion, as a function of the temperature. Temperature does
are shown as blank symbols in Figure 4. Figure 4a shows &t appreciably alter the fluorescence emission rate. However
good agreement between the values recovered in global analysegher processes such as quenching, viscosity of the solution, or
and the calculated values. On the contrary, a worse coincidence,onradiative deactivation paths are considerably affected by
was found for preexponential factors " > 510 nm. The (e mperature variations. We recorded the decay traces using the
calculated values for the preexponential associated with the nanasecond instrument described in the Materials and Methods
shortest decay time were always positive. This is unexpectedgection and under the experimental conditions described there.
since the shortest decay time mainly reflects the fastest processgijnce the time resolution of the instrument is not high enough,
I.e., the deprotonation of the cation to neutral, and from Figure oy the Jargest decay time was recovered when fitting the traces.
2 the C emission at 580 nm is smaller than the N emission, the The decay traces thus follow monoexponential decay laws
preexponential values associated with the shortest decay timeishowingxz values below 1.098) since the shorter decay time-
should be thus negative. The overestimation of the S8Cam () are completely embedded within the excitation source profile
values recovered from GCA explains the positive value of this cnannels. A slight decrease in the recovered decay time was
prgexpopenﬂal factor. Slmulat|9ns of the preex'ponenltlal factors gptained when temperature was increased. The decay time was
using different values of thé& parameters, including the 3194 .02 ns at 278 K, and progressively diminished giving
conditionT¢/Cy ratio < 1, confirmed a negative preexponential decay times of 3.1%- 0.02 ns at 293 K and 3.04 0.02 at 318
associated with the shortest decay time, as it would be foreseery \ve remark once again that these decay traces are not actually
by observation of the steady-state fluorescence spectra. Thenonoexponential functions and the largest decay time, recovered

inaccuracy of the analysis method for recovering the cation pere shows a main contribution of the cation deactivation rate.
associated; parameters at®™ > 510 nm arises from the fact

that atA®*™ > 510 nm the individual analyses of decay traces Discussion
did not show the shortest decay time. Nevertheless, the shortest
decay times were more accurately recovered from decay traces The absorption spectra of OG488 solutions at pH values
at 2™ < 470 nm, and the recovery of the relevant kinetic below 3 have been well predicted by our previous results
constants has not been affected by the inaccuracy of the spectrategarding ground-statekp ande¢;. Nevertheless, some special
emission parameters. features have been described at very high acid concentrations.
Time-Resolved Fluorescence Measurements of 0G488 in A blue shift of the cation absorption spectra with increasing
Very Acidic Media. As mentioned above, the steady-state perchloric acid concentration has been found. This shift is
emission of the cationic form is only detected at acid concentra- continuous with changing acidity, showing no isosbestic point.
tions above 2.3 M. A complete fluorescence decay surface of A similar blue shift of the absorption spectra in extreme acidic
0G488 aqueous solutions at thisf[Hange (between 2.3 and  media was previously described for fluorescein, the stem probe
11.1 M) was collected. The decay traces were analyzed usingof OG488, and 27'-dichlorofluorescein, a fluorescein derivative
the global analysis approach of decays at the same acidwith chlorine substituents similar to OG488n OG488, we
concentration. Three-exponential decay laws were the bestfound that the absorption maximum shifts 7.5 nm, from 437.5
functions to fit the decay traces at emission wavelengths 450to 430 nm at [HCIQ] = 11.1 M. Leonhardt et &.found a 5
and 470 nm, whereas traces at 510, 550, and 580 nm werenm blue-shift of the fluorescein absorption maximum in
mainly mono- or biexponentials. The global analyses provided perchloric acid (from 436 nm at 0.50 M to 431 nm at 7.40 M),
three decay times, two of them between 8 and 165 ps and aa shift of 3 nm in sulfuric acidA™® = 433 nm at 10 M), but
longer one around 3 ns. The recovered decay times in the globalno shift in nitric acid (absorption maximum remains invariable
analyses are shown in Figure 3, and the preexponential factorsat 436 nm at [HNG@] = 7 M). Similar results were found for
at the emission wavelengths of 450 and 550 nm are shown in2',7'-dichlorofluorescein, whose absorption maximum shifts 7
Figure 6. At 450 and 470 nm, the shortest decay time showednm in perchloric acid (from 448 nm at 0.50 M to 441 nm at
large amplitude, which decreases with increasing acid concen-11.70 M), and 4 nm in sulfuric acid 10 M{* = 444 nm)3
tration. On the other hand, the longest decay time showed The blue shift of the absorption spectra in extreme acidic media
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has also been described by other authors in fluoreStaird (1.7 £ 0.1) x 1® M~1 s71). This value is lower than typical
uranine (fluorescein salty. These authors proposed the existence values for diffusion-controlled reactions in watérThis low

of dicationic forms (in which the oxygen bridge of the xanthene value indicates a hindered reprotonation reaction of the neutral
moiety would be protonated) at very high sulfuric acid form, and will be discussed later on. Low reprotonation rates,
concentration. The dicationic forms would cause the blue shift even the absolute absence of reprotonation reaction, are common
in the absorption spectra and show a different emission bandin strong and cationic photoacié®.The recovered kinetic
centered at 495 nm, at 18 M,BQ;,. Although in OG488 we constant values provide an apparent excited stdg #
found a blue shift in the absorption spectra, we have not found —1.79, perhaps too low to solely observe the cation emission
evidence for a dicationic species existing in solution, since only at [HCIOs] ~ 10 M. However, this K} is an apparent value,

the emission band with maximum at 471 nm has been observedand the activity coefficients at the high acid concentrations are
As OG488 is a stronger acid than fluorescein, due to fluorine very far from 1.

substituents, the possible dication would be much more hindered. The other consecutive excited-state reaction * M*

The obs_ervation of a red shift Qf 5_.5 nm in the wavelength o_f showed a K of 3.14 4 0.05 (calculated bya = kun/Kuw)-

the maximum fluorescence emission, when the fluorophore is s yalue is significantly higher than the value recovered by
excited at wavelengths toward the red edge of the absorptioneans of steady-state fluorescence measurements from our
band, implies that dipolar relaxation time for the solvent shell previous paper (2.67)The value of 2.67 was obtained as the
around quorc_)phore is comparable to its fluorescence lifetime. past estimation fitting globallys vs pH curves, and it should
Therefgre, this reo! edge effect also |mpl|§s slpw raFes of solv'entbe considered as an apparent:pBecause of the spectral
relaxation at the highest acid concentrations in which hydration i ~idence between emission of N and M, one should be very

of Ithe tp(;ptolns hmde:jsﬂt]he fref éeotruten;?nonalhmotloHn of the cautious with the interpretation of thikpvalue. On the other
solvent dipoles around the excited-state fiuorophore. Hence, Wepang, the value provided in this work, 3.14, has been obtained

are inclined to think in polarizability effects that affect to the from kinetics measurements and estimations of the kinetic rate
solvent relaxation. A similar bathochromic shift with decreasing . . .
constants, and is thus more reliable. Th& palue is, in both

amdz(zzggcentratlon V\(as_found for the cation of 6-hydroxyquino- cases, lower than the ground-stat€,§3.61)# thus meaning

line,22>> another cationic strong photoacid. Bardez et al. also hat th | ies b liahtl idi

suggested environmental effects as the cause of the spectra at the neutral species becomes slightly more acidic upon

shift22 Medium effects on the absorption or emission spectra xcitation. The deprotonation rate constant value ((3.0.1)

(shiﬁs alteration of fluorescence effigenc etc)are a frg vent = 10" s™1) does not entail a great contribution to the deactivation
roble’m in absorption and fluorescence r%easﬁrements c?f dyed rOCESSEs, but the reprotonation reactiqiu(= (5.4 + 0.6) x

P P YeS qom-1 s1), which showed a typical diffusion-control valée,

. . : . . 26 54,56
$hveag'Z%t?ffhsﬁﬂ?scehn;(,ae“%l:ﬁ'?rgr Eleer?';mlzz)errse?gigﬁith the mainly controls the excited-state process between both species
P q y in this pH range. It is also interesting that the N and M forms

solv_e_nt properties, such as polarity, solvation ability, "?‘C'd'ty O showed a very similar deactivation rate. This results in the longer
basicity, and so forth. For instance, a strong photoacid such as

. decay time being essentially invariable in this pH range, and
HPTS. was found to bs a good polarity probe for concentrated suggests the same chromophoric group for the two species. The
sulfuric acid solution$!

similarity of the N and M emission spectral parameters

With reference to the excited-state kinetics studied in the recovered also Supports this idea. This would thus mean that
present work, the system of consecutive ESPT reactions ofthe neutral exists in the quinoid form.

0G488 cation, neutral, and monoanion in the pH range-1.1
3.0 has been one of the most complex solved to date to the
best of our knowledge. Only a few excited-state reactions
involving more than two excited species have been sol¥éd,

Deprotonation of N* to M*, occurring in the carboxylic acid
group, is in apparent contradiction with the known fact that
aromatic carboxylic acids are weaker acids in the excited state.
Normally, the decrease in acidity follows the increase in negative

and a fglvlvlgricompartmental systems have been successfullycharge of the hydroxyl oxygen of the carboxyl group resulting
analyzed;-but the system solved here is even more compleXx, om electronic excitation (more precisely, the “ionie-& bond

due to the wide spectral overlap and the high acidity of one of strength” zozi/ro-1).% In the case of OG488, however, the
the species. In addition, the usefulness of the global compart-yanoic moiety is not “excited” (at 420 nm) due to the near
mental analysis for unravelling complex kinetics has also been perpendicularity of benzyl and xanthene moieties. From
shown in this work. AM1 calculations the Sstate of N actually is a locally excited
The extremely strong photoacid behavior of C has been (LE) state of the xanthene ring, and, as a result, the benzoic
demonstrated by means of both steady-state and time-resolvednoiety only suffers from through-bond and/or through-space
fluorescence emission measurements. A deprotonation rateinductive effects upon excitation of the xanthene. Interest-
constant of (1.04+ 0.04) x 10" s~ was recovered. This is ingly, these effects cause a sligitcreaseof the ionic bond
one of the highest values obtained for the deprotonation to waterstrength of the hydroxyl oxygen of the carboxyl group, thus
of a photoacid to date. A deprotonation rate of the same order predicting anincreasein the carboxylic group acidity upon
of magnitude, (1.4 0.3) x 10 s71, was recovered for the  excitation. Thought the calculations also predict a moderate
cation 7-hydroxy-4-methylflavyliuni® another cationic photo-  increase in acidity of the xanthene hydroxyl group, the
acid. When the recovered value is compared to the value experimental observation is that deprotonation of the second
obtained by Shah and Pant for deprotonation of fluorescein hydroxyl group only occurs at higher pH values and in the
cation (3.5x 109 s7%),2% the enhanced acidity of OG488 due presence of a suitable proton acceptor, such as acetid¢ #cid.
to fluorine substitution is again displayed. It is instructive to seems that the neutral zwitterionic form disappears in the
compare the dissociation rates with other cationic photoacids, excited-state, as it was also described in fluorest®ifnil®The
since these are known to behave thermodynamically quite absence of the zwitterionic form in the excited-state is expected
differently with respect to neutral photoaci##sAnother point due to its minimal contribution in the ground state. Moreover,
of interest regarding the excited-state reactionsCois the the deprotonation of C is likely to occur through the hydroxyl
relatively low value of the reprotonation rate constd@i(= group in the xanthene moiety (which is excited in the visible
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range). The ejection of the proton of the hydroxyl group biexponential decay laws were no longer adequate and the decay
generates a charge separation within the xanthylium ring, which traces could only be well fitted with triexponential functions
is rapidly compensated by a rapid electronic redistribution. again, with the appearance of an unexpected intermediate
The positive pole in the moiety facilitates the charge transfer lifetime of around 100 ps matching the tail region of the
leading to the quinoid neutral form. This process resembles theinstrumental response of our picosecond device. Moreover, in
charge transfer after deprotonation of hydroxyquinolinium these triexponential functions, the largest decay time showed
cations??% and is responsible for the low value of the an unusual tendency to diminish and then to increase, while
reprotonation rate constant as a result of the neutral quinoid the shortest also had an unusual tendency to increase slightly.
form stabilization. In hydroxyquinoline cations, the consecu- Multiexponential (four-exponential) fittings also gave good
tive electron transfer after deprotonation, found to be faster thanresults, and a new decay time of similar magnitude to the
450 fs80 causes the absence of back-reaction and an irreversibleintermediate one was recovered, without alteration of either the
deprotonatior?? In contrast, the deprotonation of C to form the  shortest or the longest decay time values. The inadequacy of
zwitterion is very unlikely, since it would imply either the biexponential fits is a frequent event in decays involving ultrafast
deprotonation of the carboxylic acid linked to the unconju- deprotonations, which may result in nonexponential decay traces,
gated ring, excited by UV light but not in the visible range, or possibly confused with multiexponential decay laws. As men-
a double proton transfer, one intermolecular resulting in the tioned previously, diffusion-influenced reactions may show
quinoid form, followed by another intramolecular proton-transfer transient effects, resulting from time-dependent rate constants,
resulting in the zwitterion. Finally, we found a good agreement following the Debye-Smoluchowski theory. The decay of the
between the recovered lifetime for M in the present work (1/ photoacid is expected to follow very well the convolution
kou = 3.26+ 0.04 ns) and our previous reported value (3.40 kinetics approactt at low and intermediate times, and change
ns)? to a power law asymptotically. This behavior has been observed
It is worth noting that the GCA approach uses time-invariant in some photoacids in acidic aqueous solutit¥f$.Solntsev et
rate constants, leading to exponential kinetics for the reactions.al. suggested a deconvolution/smoothing procedure through a
This is known to be an approximation in diffusion-influenced four-exponential fitting so they could test the validity of the
reactions. The reactions studied in the present work show oneconvolution kinetics approach and the asymptoti? decays
of the reactants () in great excess (pseudo-unimolecular of 2-naphthol-6,8-disulfonate in acidic medfaThe treatment
regime), and they are subject to the Smoluchowski equétithh.  of our decay traces in very acidic media in terms similar to
This theory predicts nonexponential decays for this type of those used by Solntsev et al. did not show a power-law decay
reaction, even when diffusion does not show a striking at long times. The decays followed, nevertheless, a purely
significance. The expected decays are markedly nonexponentiakexponential decay law until the noise became higher than the
at the beginning, because of the time dependence of the ratesignal. Moreover, an asymptotic power law/2 for the
constants, which decrease from their initial intrinsic value up associated base has been descriéthlike these results, our
to a steady-state. Then, after a quasi-exponential phase, the decagecay traces for the acid (450 nm) and the base form (550 and
traces ought to follow an asymptotic power latw3() due to 580 nm) showed exponential behavior and the same long decay
the reversible dissociation of the geminate pair. Nevertheless,time for both species, thus confirming the validity in this time
in the decay traces from solutions at pH values between 1.1range of the coupled differential equations leading to the
and 3.0 recorded in our instrument, the exponential approachexponential approximation. We fitted our decay traces of
lead to excellent results. We did not detect the asymptotic solutions at very high [H] using tri- and tetraexponential decay
behavior at long times, as well as the shortest decay time laws, and we could assume the shortest and intermediate decay
described very well the initial times of the decay traces. The times are influenced by transient effects, resulting in the
shortest decay time was in the resolution limit of the instrument, fluorescence signal changing from an initial exponential decay
so this might be the cause of the loss of the nonexponential to a long-time power law. Unfortunately, our picosecond device
behavior. A further discussion on the decay traces at higheris not able to accurately resolve the possible nonexponential
acid concentration and the diffusion influenced kinetics is issued distribution observed around 100 ps, since the instrumental
in the following section. response profile showed secondary peaks in a crucial time region
Considerations on the Kinetics of the Excited-State  (see decay traces in Figure 7). Furthermore, the impossibility
Processes in Concentrated Acid MediaThe excited-state  of acquiring decay traces in the geminate recombination limit
kinetics of the ESPT reactions G= N* = M* have been well (neutral pH), due to the presence of other more basic species,
described and suitably solved in the previous section, in a pH does not allow us to apply the Deby&moluchowski or
range between 1.1 and 3.0, by means of a global three-convolution kinetics approaches.
compartmental analysis of the fluorescence decay surface. In the case of higher acid concentrations, the global com-
Nevertheless, other interesting processes seem to take place gartmental analysis software has not been useful enough since
the [H*] range between 2.3 and 11.1 M. In this part of the work, the variability of rate constants is not included in the available
we will consider some well-known effects on the excited-state (up to date) compartmental models. Likewise, the classic
processes which occur in these high acidity media and correlateprocedures of recovering the rate constant values have not
these effects with the time-resolved fluorescence emissive provided a solution due to the special characteristics of the
behavior of the OG488. complete fluorescence decay surface recorded (three-exponential
When perchloric acid concentration is around 0.1 M decay global fittings, poor resolution recovery of preexponential
traces were well globally fitted by triexponential functions, the factors, unusual tendencies in the decay times, etc.). At high
amplitude related to intermediate decay time was very short acid concentrations some other additional issues arise, causing
and tended to zero when the acid concentration increased. Nextyariations in the rate constants with acid concentration and
decay traces become fittable with biexponential functions, since making the kinetic model insufficient to explain all the features
the two shorter decay times converge. When perchloric acid of the fluorescence decay traces. In the following discussion,
concentration was increased in the 2.3 to 11.1 M range, these variations are quantified and correlated with physical
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effects, giving an overview of the processes taking place during disulfonate, noting that this decay time was basically indepen-
the lifetime of the excited-species. dent of the acid concentration. In our case, the shortest decay
Since the protonation of M is very favorable at these high time showed a marked increase with increasing acid concentra-
proton concentrations our first step was to restrict the excited- tion (varying from 8 ps at [H] = 2.3 M to 73 ps at [H] =
state kinetic model to a two-state excited-state reaction. This is11.1 M), which means a decreasekigt: with [H*] (shown in
presumably correct, taking into account the relatively low value Figure 9a). This decrease can be explained on the basis of the
of the deprotonation of neutral specigg( = 3.9 x 10" s7%), reduction in the number of proton acceptors (water clusters)
and the higher value of the protonation of My = 5.4 x with increasing [HCIQ]. The loss of free water effect in the
10° M1 s7%), which implies that only 1% of the excited C  deprotonation rate could be roughly represented by the empirical
will form M. The system is thus reduced to the coexistence of expressiof knc = ki (an,0)", whereky is the dissociation
N and C species. This also agrees with our experimental resultsrate constant at infinite dilutioran,o the water activity, anah
which show a very low preexponential associated with the is an empirical parameter which may be related to the size of
intermediate decay time at these high proton concentrations. the water clusters accepting the protons. We used the experi-
In a first step, we have applied a kinetic approach by which mental activity values for HCIQconcentrated solutioffsin
the time evolution of the neutral emissidr(t), is given by? the logarithmical plot oknc vs log@w,0) (Figure 9b). A good
linearity (r2 = 0.99) can be seen, with a slope= 2.3+ 0.1,
Iy® = kNC[IC(t)®e7Vt] 1) which represents the number of water molecules in the proton-
accepting water cluster. This number is similar to values found
where the symba® represents convolutioig(t) is the emission for other strong photoacids, such as cyanonaphthais
of C, andY = (kon + ken x [H]). This approach is usable  4-hydroxy-1-naphthalenesulfon@&and agrees well with the
assuming thatC is the only excited species and there is N0 value found by Bardez et al. (2.75) for the cationic photoacid
spectral overlap at the emission wavelengths of the acid andg-hydroxyquinoline?2 More importantly, this value is consistent
the base. The former is fulfilled according to the ground-state jth the idea of a water dimer as the most important solvation
equilibria, but the latter is not, at 550 and 580 nm. Nevertheless, complex of the proton in concentrated acid solutions and with
the cation contribution to emission at these wavelengths is pines and Fleming's assumption that the proton transfer to
almost negligible. The procedure evaluates the N* loss processessplvent on cationic photoacids is governed by proton solvation.
(kon + ken x [H*]) by the deconvolution of the decay of N (at  The intercept of the plot provided the limit value at high dilution
550 and 580 nm) from_the (_jecay of C (at 450 nm): This kind o, Knc (:khc(aﬂl;ge " of 1.0 x 1011571, a value very similar
of analysis should provide single-exponential fits, with a decay to that recovered by GCA (1.04 101 s3). We note that the

time equal tory = Y~L This type of convolution kinetics is - .
. . striking decrease ifkyc causes the unusual tendency of the
strongly recommended when transient effects, FRET, quenching, ; . o . i
shortest decay time to increase with increasing acid concentra-

etc. are preseift It has been successfully applied to the study tion

of such a strong photoacid as 7-hydroxy-4-methylflavylium . . .
cations® when other classical methods of analysis failed. ~ Nevertheless, the correction described above is not enough

According to the convolution kinetics, the plot of therdis tq understand the unusual tren_d of the Io_ngest dt_ecay tim_e (see
[H*] should be linear, when simple two-state excited-state Figuré 3). The tendency of this decay time to rise at higher
kinetics apply. In contrast, our results showed a clear nonlin- &Cid concentrations can only be explained by the following
earity, with a saturation maximum value at acid concentrations POINts: (1) the assumption of a new prototropic species with a
above 7.0 M. These features clearly indicate that the rate Shorter deactivation rate, as stated by Pant éfalr,(2) by a
constants are [H-dependent. The plot of loy(— Kon) Vs log- decrease of the deactivation rate constant of the cation with
[H+] showed a good linearity up to the saturation value (Figure increasing acuj concentration. Here, we note that Pant.]ét a!.
8). The intercept of the linear regression of the corresponding Observed a similar behavior of the longest decay time in
points (2 = 0.98) provided a value fokey of (1.7 & 0.4) x fluorescein solutions at high 480, concentration. This work

10° M~ 5%, which is in good agreement with the value obtained Was carried out by using a nanosecond flash lamp. They thus
in the previous section by means of GCA (Table 1). However, obtained well fitted monoexponential functions, as we did in
the slope of the linear regression was 0.1, which indicates ~ the experiments at different temperatures using our nanosecond

a enhanced reprotonation of the neutral at these higfj. [H flash lamp. The authors proposed the existence of a dicationic
We have also studied the possible variations in the deproto- SPecies for explaining the absorption and fluorescence emission

a pseudo-first-order deprotonation rate constant, but this couldfor the presence of a dication of OG488 in aqueous solution
not be a correct assumption at the high*JHange. The either by means of absorption or steady-state fluorescence.
necessary formation of water clusters acting as acceptors of thentuitively, we can assume that if the dication exists, it would
proton produced by deprotonation of photoac|ds in the exc|ted be even more acidic in the excited state than the cation. Its
state has been well establisH&d263-65 and at very high acid formation would thus not be favorable. Consequently, we are
concentrations, the majority of the water molecules have beeninclined to consider variations ikoc, due to medium effects,
commonly thought to be within the hydration cages around ions, Which are also reflected in the progressive blue shift in the
resulting in a loss of the effective proton acceptors available absorption spectrum and by the red edge effect at the highest
for deprotonation of the photoacid. Hence, the rate of the acid concentration.

deprotonation-to-solvent of the photoacid depends on the We estimatedc at each [H], taking into account the known
concentration of free water clustéfsiesulting in the deproto-  values of the reprotonation rate constant (from Figure 8) and
nation rate not actually being a pseudo-first order reaction. This the deprotonation rate decreasing with water activity (Figure
effect has also similarly been found and described in water: 9b). In this approach, we ignored the effects of the slow rates
organic solvents mixture®:*1Solntsev et al. in their procedure  of solvent relaxation on the recovered decay times at different
for deconvolution/smoothing of the decay tratéesssigned the emission wavelengths, since the red edge effect was only
shortest decay time to the deprotonation rate of 2-naphthol-6,8-observed at the highest perchloric concentration. The recovered
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Figure 10. Modified Sterrn-Volmer plot of the recovered deactivation
rate constants for the OG488 cation as a function of the water activity
(representing the “free” water amount).

Figure 11. Comparison of the shortest and longest decay times
recovered from global analysel @nd ®) and the calculated decay
times (H- and ©O-) assuming a simple two-state excited-state model
and the approximations described in the telkdy = 3.14 x 10° s,

. . . . . koc=[0.304+ 3.7 x 103 (a0 — &% 0)] x 10 s, kne = 1.0 x 107
koc values were continuously decreasing with the increase in (@ny0)>3s L, andkey x [H*], the valués recovered a6— koy (see text

acid concentration. This behavior resembles that of other fo getails).

xanthylium cation® (the same type of cation than fluorescein

or 0G488) and other dy&which are known to be quenched this quenching, since, at the very high perchloric acid concentra-
by free water molecules. In this quenching, as the acidity of tions used, the addition of perchlorate ions results in the
the solution increases, the amount of free water decreases anghecipitation of the salt. Furthermore, the quenching processes
the resgltmg decrease in quen_chl_ng of the excned-sta_te cationi, this [HCIO4] range turn out to be quite complex, since this
results in longer fluorescence lifetimes. Boyd et®aescribed perchlorate-induced quenching could never be separated from

this kind of quenching in .diﬁerent xant.hylium cations. 'Th.e the water quenching and studied independently. A similar
0G488 dye belongs to this type of cations and thus similar coexistence of both quenching processes, due to “free” water

quenching could explain the dependencekgf on the acid and perchlorate ions at high [HCJp was found in Chromo-

concentration. A modified Stefr/olmer plot describes the tropic acid by Bardez et & We assume that a quenching caused
quenching process by by protons, as happens in neutral photoacids such as naphthols,

1 1 is less likely because of the electrostatic repulsion between
=% + Kky([H20] — [H,0]% (2 positive charges.

Pt We have also performed some experiments varying the
temperature. We used a nanosecond instrument and recorded
monoexponential decay traces at every emission wavelength
since the short decay times are masked by the lamp profile.
Thus, these studies attempt to justify the effect of temperature
on the cation deactivation rate, reflected in variations in the
longest decay time. With the simple measurements performed,
we have observed that the deactivation processes increase with
temperature. Assuming the rate of radiative decay is essentially
not affected by temperatufé the decrease of the decay time
with temperature would arise from a more effective water
qguenching. The observed red edge effect implies a relatively

_ 10 _ .0 structured medium in which an increase in temperature would
koc = koc * Ky(@,0 ~ Br,0) (3) result in a less organized medium, increasing the amount of

) “free” water available for quenching or enhanced nonradiative
Figure 10 shows the SteriVolmer plot of the recoverekhc decay, and then, decreasing the cation lifetime.

values. As can be seen in the figure, a good linearity was reached _. e .
gure,ag vy Finally, the quantification of the rate constant variations

r2 = 0.99), the intercept ((3.04 0.05) x 10® s7%) gave the : .
\(/alue ofko) at thel Iowes[t) fj(encher coricintrat?@ﬁijgaZd the described above allows us to calculate the decay times through
c 4 1 the usual two-state excited-state equati¥ris. our model, the

slope provided a value of (3% 0.2) x 10° M~ s71 for the : o
qguenching constarg,. This quenching rate constant value is in v:e\llues for the rate constants are g'VeQ oy = 3'14_X 10°
,koc =[0.304+ 3.7 x 1072 (an,0 — @y 0)] x 18P 7% ke

the same order of magnitude as those recovered for other®
xanthylium cationg? In addition to this water-induced quench- = 1.0 x 107 (as,0)>3s ™%, andken x [H] the values recovered

ing, we commented in the Results section that perchloric acid as Y — kon (Figure 8). Figure 11 shows both the recovered
concentrations above 8.2 M cause a decrease in steady-statghortest and longest decay times by means of global analyses
fluorescence intensity. We assign this effect to a quenching dueand the calculated decay times. The decay times and their
to perchlorate ions at high concentrations. Since the variationstendencies are very well predicted by this proposed model,
in the deactivation rate of the cation with water activity are which takes into account the quenching of the cation due to
justified through the “free” water quenching, the quenching due free water, the dependence of the C deprotonation rate with the
to perchlorate ions would essentially have a static character.amount of water acceptors, and the variation in the reprotonation
Nevertheless, there is a serious experimental problem in studyingrate with acid concentration.

where 7¢ is the fluorescence lifetime of C at each acid
concentration, and [}D] is the amount of “free” water at each
acid concentration; [kD]° is the lowest quencher concentration
used (corresponding to the highest acidity, 11.1 M), but unlike
the standard Sterrivolmer equation this is not exactly zero,
although it is close enough; finallng is the fluorescence
lifetime of C at the highest acid concentration. Since the
lifetimes are given byr = (koc) 1, and we assumed the water
activity (in the molar concentration scale) represents the free
water concentration, eq 2 changes into
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