
ARTICLES

Excited-State Proton Transfer: Indication of Three Steps in the Dissociation and
Recombination Process

Pavel Leiderman, Liat Genosar, and Dan Huppert*

Raymond and BeVerly Sackler Faculty of Exact Sciences, School of Chemistry, Tel AViV UniVersity,
Tel AViV 69978, Israel

ReceiVed: January 4, 2005; In Final Form: May 10, 2005

A femtosecond pump-probe, with∼150 fs resolution, as well as time-correlated single photon counting
with ∼10 ps resolution techniques are used to probe the excited-state intermolecular proton transfer from
HPTS to water. The pump-probe signal consists of two ultrafast components (∼0.8 and 3 ps) that precede
the relatively slow (∼100 ps) component. From a comparative study of the excited acid properties in water
and methanol and of its conjugate base in basic solution of water, we propose a modified mechanism for the
ESPT consisting of two reactive steps followed by a diffusive step. In the first, fast, step the photoacid
dissociates at about 10 ps to form a contact ion pair RO-* ‚‚‚H3O+. The contact ion pair recombines efficiently
to re-form the photoacid with a recombination rate constant twice as large as the dissociation rate constant.
The first-step equilibrium constant value is about 0.5 and thus, at short times,<10 ps, only∼30% of the
excited photoacid molecules are in the form of the conjugated base-proton contact ion pair. In the second,
slower, step, of about 100 ps, the proton is separated by at least one water molecule from the conjugate base
RO-*. The separated proton and the conjugated base can recombine geminately as described by our previous
diffusion-assisted model. The new two-step reactive model predicts that the population of the ROH form of
HPTS will decrease with two time constants and the RO- population will increase by the same time constants.
The proposed model fits the experimental data of this study as well as previous published experimental data.

Introduction

Proton-transfer reactions are among the most common and
important chemical and biological processes.1-4 Over the last
two decades, intermolecular proton transfer in the excited state
(ESPT), in aqueous solutions and other protic media, has been
the subject of intensive theoretical and experimental investiga-
tion as they provide valuable information about the mechanism
and nature of acid-base reactions.5-11

To initiate these reactions, protic solvent solutions of suitable
organic molecules are irradiated by short (femtosecond-

picosecond) laser pulses.12-14 Consequently, the excited-state
molecules dissociate very rapidly by transferring a proton to a
nearby solvent molecule.

Over the past 15 years we used a model for an intermolecular
ESPT process that accounts for various observable experimental
data. In this model, the overall dissociation process can be
subdivided into the two consecutive steps of reaction and
diffusion. In the reactive stage, a rapid short-range charge
separation occurs, and a solvent-stabilized ion pair is formed.
This is followed by a diffusive stage, when the two ions
withdraw from each other due to their thermal random motion.
The reverse process is geminate recombination (neutralization)
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of the two separated ions either by the direct collapse of the
ion pair, or following a geminate reencounter of the solvated
“free” ions. Scheme 1 shows the model schematically.15-22

The first step is described by back-reaction boundary condi-
tionskPT andkr. This is followed by a diffusional second step,
in which the hydrated proton is removed from the parent
molecule solvation shell. In the continuous diffusion approach,
one describes this dissociation reaction second step by a
spherically symmetric three-dimensional diffusion equation, the
Debye-Smoluchowski equation (DSE).23,24 The boundary
conditions atr ) a are those of the back reaction.16,17 kPT and
kr are the “intrinsic” dissociation and recombination rate
constants at the contact sphere radiusa.

Quantitative agreement was obtained between theory and
experiment, and as a result, it was possible to make a closer
study of the ESPT process itself, and also the dynamic and static
properties of the solvent.

8-Hydroxypyrene-1,3,6-trisulfonate (HPTS or pyranine) is a
photoacid that is commonly used in studying the ESPT process.
The RO- form is quadruply negatively charged. Thus, the
reversible geminate recombination process is strongly enhanced
relative to a singly charged photoacid like 2-naphthol. We have
studied HPTS ESPT for many years.22,25-27 Using the TCSPC
technique enabled us to determine the rate of proton transfer to
water to be (100 ps)-1. The proton-transfer rate could be
determined either by the initial decay time of the time-resolved
fluorescence of the protonated form (ROH) measured at 440
nm or by the slow rise-time of the emission of the deprotonated
species (RO-).

Prayer et al.10 and Tran-Thi and co-workers11 used both
femtosecond fluorescence up-conversion10 and pump-probe
spectroscopies11 to probe the excited-state proton transfer (PT)
from HPTS to water. They found that the process involves two
ultrafast steps (300 fs and 2.5 ps) that precede the relatively
slow (87 ps) proton-transfer step. They concluded that the
excited-state proton-transfer reaction from HPTS to water is a
much more complex process than previously reported in the
literature. The first could be assigned to a fast solvation process
within the LE state of the acid reached in absorption from the
ground state. In the second step, LE relaxes within 2.5 ps to a
second, somewhat mysterious, intermediate species, which they
tentatively assign to an electronic state displaying a CT
character.

The acid ionization of HCl in water was theoretically studied
by a combination of electronic structure calculations with ab
initio molecular orbital methods and Monte Carlo computer
simulations by Ando and Hynes.28 They found that the mech-
anism involves two reactive steps: first, a nearly activationless
motion in a solvent coordinate, which is adiabatically followed
by the quantum proton to produce a contact ion pair Cl--H3O+,
which is stabilized by∼7 kcal/mol. The second step includes
the motion in the solvent with a small activation barrier, as a
second adiabatic proton-transfer stage that produces a solvent-
separated ion pair from the contact ion pair in a nearly
thermoneutral process. The motion of a neighboring water
molecule to accommodate the change of the primary coordina-
tion number from 4 for H2O to 3 for H3O+ of a proton-accepting
water molecule-is indicated as a key feature in the necessary
solvent reorganizations.

In our previous time-resolved emission studies of HPTS in
water measured by TCSPC, the protonated form ROH decays
exponentially at early times at about 100 ps. The RO-

fluorescence signal rise time showed that it consists of two
componentssa short one of<20 ps with amplitude of about
20% and a long component of about 100 ps that matches the
decay time of the ROH signal. We interpreted for many years
this observed short-time component as arising from a large
overlap between the emissions of ROH and RO-. We claim in
this paper that the inconsistency in the TCSPC time-resolved
emission signal of the ROH decay and complementary rise of
RO- arises from a missing reactive step in the proton-transfer
reaction mechanism and from the limited time resolution of
TCSPC technique. The missing reactive step is fast, 3 ps, and
cannot be observed by the TCSPC technique.

Recently, Rini9,29 et al. studied, by means of femtosecond
pump-probe IR spectroscopy, the acid-base reaction of HPTS
with acetate ions in a D2O solution. A relatively large fraction
of HPTS-acetate contact complexes already exists in the ground
state in high concentrations of acetate ions (>2 M). The rate of
excited-state proton transfer from HPTS to acetate in the contact
complex was faster than 150 fs, the time resolution of their
experimental response. Rini et al.9,29proposed an extended three-
state Eigen-Weller3,4 model to explain the overall observations
of the acid-base experiments, including the slow components
of the pump-probe experiments. In the first reaction stage, the
acid and base form a ‘‘loose” encounter complex where each
species retains its water solvation shell. This stage is governed
by diffusion and the encountered complex is described by the
contact distancea. The second reaction stage occurs within the
contact volume and is largely controlled by the solvent. The
time scale for the second reaction stage time constant of 6 ps is
governed by the solvent reorganization dynamics and is slightly
faster than the Debye relaxation. This intermediate reaction stage
is relatively slow compared with the final, inner sphere reaction
stage of the proton transfer, which is faster than 150 fs.

In this study we measured, by time-resolved emission and
absorption spectroscopies, the ESPT process from HPTS to
water. We used the TCSPC and femtosecond pump-probe
techniques. On the basis of our experimental data and the data
presented in recent papers of Prayer et al.10 and Tran-Thi et
al.11 and from model calculations made by Ando et al.,28 we
developed a new model for the intermolecular ESPT processes.

The new model extends our previous diffusion-assisted
excited-state proton-transfer model to include an additional
reactive step (see Schemes 1 and 2). The excited protonated
acid ROH* dissociates first to a contact ion pair, consisting of
an anion and a hydrogen bonded hydrated proton complex,
which we designate H3O+. The contact ion pair RO-‚‚‚H3O+

exhibits about the same spectroscopic signature as the RO-

emission band of the separated and solvated ion pair. Similar
models for acid dissociation were suggested by Eigen4 and Ando
and Hynes.28

A simple and straightforward description of the modified
ESPT model is given by Scheme 2,

SCHEME 1

ROH* {\}
kPT

kr
[RO-* ‚‚‚H+](r)a) {\}

DSE
RO-* + H+

SCHEME 2

ROH* + H2O
step one

{\}
k′PT

k′r
[RO-* ‚‚‚H3O

+](r)a)

contact ion pair

step two

{\}
kPT

kr

[RO-*---H3O
+](r)a)

separated ion pair

step three
{\}
DSE RO-* + H3O

+
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where R is an organic radical and [RO-‚‚‚H3O+] is the contact
ion pair formed between the molecular anion RO- and the
proton H+, separated by a short distancea′. k′PT andk′r are the
forward and reverse rate constants of the first step, respectively.
Our old model covers the second and the third steps. Details of
our old model including the second reactive step and the
diffusive part are given in a separate section.

Experimental Section

Time-resolved fluorescence was acquired using the time-
correlated single-photon counting (TCSPC) technique, the
method of choice when sensitivity, large dynamic range and
low intensity illumination are important criteria in fluorescence
decay measurements.

For excitation we used a cavity dumped Ti:sapphire femto-
second laser, Mira, Coherent, which provides short, 80 fs, pulses
of variable repetition rate, operating at the SHG frequency, over
the spectral range 380-400 nm and with the relatively low
repetition rate of 500 kHz. The TCSPC detection system is based
on a Hamamatsu 3809U, photomultiplier and Edinburgh Instru-
ments TCC 900 computer module for TCSPC. The overall
instrumental response was about 35 ps (fwhm). Measurements
were taken at 10 nm spectral width. The excitation pulse energy
was reduced by neutral density filters to about 1 pJ. We checked
the sample’s absorption prior to and after time-resolved
measurements. We could not find noticeable changes in the
absorption spectra due to sample irradiation.

For the pump-probe experiments reported, we used an
amplified femtosecond Ti:sapphire laser system. In brief, laser
pulses (50 fs duration, centered near 800 nm with pulse energy
of ∼600 µJ) at a 1 kHz repetition rate were generated by a
Ti:sapphire-based oscillator (Coherent Mira seed) and amplified
by a multipass Ti:sapphire amplifier (Odin Quantronix). Samples
were excited by the second harmonic of the amplified laser
(∼400 nm). To obtain probe pulses, we generate a super
continuum by focusing 1µJ of either the 800 nm or a 400 nm
(the second harmonic of 800 nm) pulse onto a 2 mmthick
sapphire window. The continuum generated with the 400 nm
beam provides a probe pulse in the region of 410-500 nm.
The probe beam signal was measured by a combination of a
chopper/lockin amplifier and computer averaging. Interference
filters of 8 nm fwhm bandwidth at the proper wavelength were
used in front of the probe beam detector, a silicon photodiode.
The time-resolved pump-probe spectra were measured by a
miniature diode-array spectrometer SM-240, (CVI) with about
2 nm resolution. Samples were placed in a rotating optical cell
to avoid degradation.

Steady-state fluorescence spectra were taken using a Fluo-
roMax (Jobin Yvon) spectrofluorometer.

The Old Reversible Diffusion-Influenced Two-Step Model
of Pines, Huppert, and Agmon

The model is given schematically in Scheme 1. In the
continuous diffusion approach, the photoacid dissociation reac-
tion is described by the spherically symmetric diffusion equation
(DSE)30 in three dimensions.16,27 The boundary conditions at
r ) a are those of the back reaction (Scheme 1).kPT andkr are
the “intrinsic” dissociation and recombination rate constants at
the contact sphere radius,a. A detailed description of the model,
as well as the fitting procedure, is given in the refs 16, 27, and
31.

The solution of the DSE is determined by several parameters:

(a) The unscreened Coulomb potentialV(r) ) RD/r, which is
governed by the Debye radius

determined by the chargesz1 and z2 of the proton and anion,
the static dielectric constantε of the solvent, and the absolute
temperatureT, wheree is the electronic charge andkB is the
Boltzmann constant.

(b) The contact distance,a, which is the center-to-center
distance of a separated ion pair. The motion is assumed diffusive
for r > a.

(c) The relative anion-proton diffusion constantD, which
is almost the same as the (very large) protic diffusion con-
stant.32,33

(d) The initial separation of the proton after thermalization,
r0. Here we assume thatr0 is that of a bound proton, so that
this parameter plays no role in our analysis.

(e) The intrinsic dissociation and recombination rate constants
to and from contact designatedkPT andkr, respectively.

Quantitative agreement was obtained between theory and
experiment, and as a result, it was possible to make a closer
study of the ESPT process itself, and also of the dynamic and
static properties of the solvent.

The asymptotic expression (the long-time behavior) for the
fluorescence of ROH* is given by35

whereτf is the excited-state lifetime of the deprotonated form
RO-, d is the dimensionality of the relevant problem, and all
other symbols as previously defined. Equation 2 shows that the
tail amplitude depends on several parameters but its time
dependence is a power law of time that depends on the
dimensionality of the problem. For 3 dimensions it assumes the
power law oft-3/2.

For the numerical fit, we used the user-friendly graphic
program, SSDP (Ver. 2.63), of Krissinel and Agmon.34 The
comparison of the calculated signal with the experimental results
involves several parameters. Usually, the adjustable parameters
are the proton-transfer rate to the solvent,kPT, and the geminate
recombination rate,kr. kPT determines the initial slope of the
decay curves: the largerkPT, the faster the initial exponential
drop. The intrinsic recombination rate constant,kr, does not
affect the behavior att f 0 but determines the magnitude of
the long-time tail. The effect of increasingkr is somewhat similar
to decreasingD. It differs from the effect of changingRD or a
in the curvature of these plots. The parameters for the numerical
solution of the DSE were taken from the literature.36,37 The
contact radiusa ) 6 Å is slightly larger than the molecule
spherical gyration radius (4.5-5.5 Å) obtained from measure-
ments of HPTS rotation times.38 It probably accounts for at least
one layer of water molecule around the HPTS anion.

Results

Figure 1a shows the time-resolved emission of HPTS in water
(4.5e pH e 5.5) using the TCSPC technique. The sample was
excited near the peak of the ROH band at 394 nm. Figure 1a
shows the emission of the protonated form, ROH*, in a water
solution of pH∼ 5 ( 0.5 measured at 435 nm, close to the
peak emission at 432 nm. The solid curve is a fit using the
SSDP program to solve the DSE with the appropriate initial

RD )
|z1z2|e2

εkBT
(1)

[ROH*] exp(t/τf) = π
2

a2 exp(RD/a)
kr

kPT(πD)3/2
t-d/2 (2)
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and boundary conditions. The parameters for the fit are given
in Table 1. The instrument response function is also shown in
the figure. The fwhm is 35 ps. Figure 1b shows the time-resolved
emission of the RO- band of various aqueous solutions at a
deferent pH values in the range 4.15e pH e 9. As seen in the
figure, the signal is independent of the pH, below pH 6. At a
higher pH values, the amplitude of the fast component increases

with increasing pH value. At pH 9 the signal solely arises from
a direct excitation of the ground-state population of the RO-(g).

Figure 1c shows the TCSPC time-resolved emission of the
RO- form of HPTS measured in pH∼ 5.5 solution when the
solid line is a fit of the RO- emission using the SSDP program
with the parameters of Table 1 that were used to fit the ROH
emission shown in Figure 1a. The fit is bad for short times and
much better for longer times. The dashed line shows the fit when
we use a large overlap between the ROH and RO- signals. In
the fit shown in the figure, we used amplitude of∼22% of the
ROH band with amplitude of only 78% of the RO- band.

Figure 2 shows the steady-state emission spectra of the HPTS-
water ethanol mixture. The solution composition is designated
on the right-hand side of the figure. The excitation wavelength,
394 nm, was the same as that used in the time-resolved emission
shown in Figure 1. The points to note in the figure are as
follows:

1. The bandwidths of both the ROH and the RO- 510 nm
band are about the same.

2. The ROH and RO- emission peaks’ height are about the
same.

3. The isoemissive point is at about 480 nm.
4. The lifetime of both species is about the same, 5.4 ns in

N2 purged samples. The fluorescence quantum yield of the RO-

emission (when excited in basic solutions) is about 0.9.
5. The relative fluorescence intensity of the ROH band in

neat ethanol at 520 nm, close to the peak of RO- is If(520)
ROH /If(430)

ROH

≈ 4.5%. Most of our TCSPC RO-* measurements were taken
in water at 520 nm. A detailed procedure to estimate the overlap
between ROH and RO- emission in water solution at 520 nm
is given in the Supporting Information. In water, we estimate
that the fluorescence intensity ratio is larger and is about 11%.

6. The main conclusion drawn from Figure 2 and from the
estimate of the fluorescence band overlap is that the computer
fit of the data shown in Figure 1b of the RO-, using a 22%
overlap of ROH emission, is unjustified.

Pump-Probe Experiments. Figure 3a shows the pump-
probe signal of HPTS in a water solution of pH∼ 5.5 at the
selected wavelengths 510-600 nm (the signals are normalized

Figure 1. Time-resolved emission of HPTS in water at pH∼ 6 using
the TCSPC technique. The sample was excited near the peak of the
ROH band at 394 nm. (a) Emission of the protonated form ROH* was
measured at 435 nm, close to the emission peak of 432 nm. The solid
curve is a fit using the SSDP. The instrument response function is also
shown in the figure. (b) Time-resolved emission of the RO- of HPTS
in aqueous solution of various pH in the range 4< pH < 9. (c) Time-
resolved emission of the RO- of HPTS in a solution of pH 5. The
dashed line is a fit using the SSDP program with the parameters of
Table 1 that were also used to fit the ROH signal shown in Figure 1a.
The solid line is constructed by adding a fast-rise-time component with
an amplitude of 0.22.

TABLE 1: Kinetic Parameters for the Proton-Transfer
Reaction of HPTS in Water Using the Diffusion-Assisted
Geminate Recombination Model

kPT

[109 s-1]
kr

[109 Å s-1]
RD

[Å]
D

[cm2 s-1]
τROH

[ns-1]
τRO-

[ns-1]

HPTS/H2O 8.8 5 28 0.0001 0.19 0.19

Figure 2. Steady-state emission spectra of the HPTS water-ethanol
mixtures (mol fraction of EtOH). The excitation wavelength is 394
nm.
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to 1 at the peak intensity). The samples were excited by the
SHG of the multipass amplified Ti:sapphire laser system at about
395 nm, close to the absorption band maximum (406 nm) of
the protanated form of HPTS.

The pump-probe signal consists of three time components
of ∼0.8, 3, and about 100 ps. The relative amplitude depends
on the probe wavelength. At the wavelengths 520-580 nm, the
pump-probe signal gets negative values at times longer than
60 ps. In general, the pump-probe signal of an HPTS-water
solution at a particular wavelength is a superposition of both
the excited-state absorption and stimulated emission to the
ground state. The stimulated emission signal is displayed as a
negative signal whereas the absorption appears as positive signal.
The shape of the pump-probe signal is almost independent of
the pump and probe intensities. The signal-to-noise value
decreases as the pump intensity decreases. As seen in Figure 3,
the amplitude of the shortest component is large for long
wavelengths. The negative amplitude is larger for short wave-
lengths. Figure 3b shows the pump-probe signal of HPTS in
aqueous solution of pH∼ 5.5, excited at 395 nm and probed at
430 nm. The white light continuum was generated by focusing
a 2 µJ 395 nm pulse on a 2 mmsapphire window. The probe
at 430 nm, with a 15 nm fwhm, was shaped and filtered by a
combination of colorglass filters. The signal at short time is
negative, and at longer times,t > 20 ps is positive. The
amplitude of the negative signal att ∼ 0 has about the same
value as the positive signal at 100 ps. The negative signal arises
from the stimulated emission of the ROH emission band,
centered at about 434 nm. The positive signal arises from S1 f
S2 absorption of the RO- form. The pump-probe signal of the

ROH band shown in Figure 3b is inverted, but similar in shape
to the signal probed at 540 nm, shown in Figure 3a. It consists
of three time components: short, medium, and long.

Figure 4a shows the pump-probe signal of HPTS in a
methanol solution at selected wavelengths in the spectral region
510-600 nm. As seen in the figure, the signal is positive with
a very large amplitude of immediate rise time that follows the
pump-probe cross-correlation signal of about 250 fs fwhm.
Figure 4b shows the pump-probe signal of HPTS in methanol
neutral solution, pumped at 395 nm, and probed at 430 nm.
The signal intensity is constant in time and negative. This is a
control experiment to the data shown in Figure 3b, in which
the signal is time-dependent because proton transfer occurs in
the excited state.

Figure 5 shows the pump-probe signal of HPTS in water at
pH ∼ 10. In such a solution, the dominate form is the
deprotonated HPTS: RO-. The ground-state equilibrium of
HPTS is pK ) 7.7 approximately, and thus at pH∼ 10, about
99% of the molecules are in the RO- form in the ground state.
As seen in the figure, the signal is negative at all times. The
main part of the signal (about 80% of the signal at 540 nm)
decreases at the system response. The smaller amplitude (of
about 20% of the signal) increases with a time constant of about
∼1 ps.

Figure 6 shows the pump-probe spectra of HPTS in a neutral
water solution in the wavelength region 500-620 nm at selected
times. As seen, the spectrum changes its intensity as the time
progresses. The spectra also narrow somewhat with time. Thus,

Figure 3. Pump-probe normalized signal of HPTS in a water solution
of 5.5 < pH < 6.5: (a) at selected wavelengths between 510 and 540
nm; (b) at 430 nm. Figure 4. Pump-probe signal of HPTS in a methanol solution probed

at selected wavelengths: (a)b, 560 nm;2, 540 nm; (b) 430 nm.
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the red part disappears faster and the blue part of the spectrum
decays slower. At about 60 ps, the pump-probe signal turns
negative.

Figure 7 shows the pump-probe spectra, at selected times,
of HPTS in a methanol solution. In this solution, only the
protonated ROH form exists in both the ground and excited
states. In methanol solution, HPTS is incapable of transferring
a proton within the excited-state lifetime and thus the shape of
the pump-probe spectra shown in Figure 7 mostly resemble

the lowest excited-state absorption to higher excited states. As
seen in Figure 7, the spectrum is positive at all times monitored
(up to ∼100 ps) and the amplitude and shapes are almost
constant at all times.

Figure 8 shows the pump-probe spectra of a basic solution
of HPTS (pH∼ 10) at selected times. As seen, the spectrum is
negative at all times. The shape and amplitude of the spectra
change only slightly with time. The spectrum narrows somewhat
and shifts to the blue as time progresses. The negative signal
of the basic solution arises from the strong stimulated emission
signal of the RO-* centered at about 520 nm.

Discussion

New Model for ESPT. In this paper, we wish to extend our
previous diffusion-assisted excited-state proton-transfer model
to include an additional reactive step (see Schemes 1 and 2).
The excited protonated acid ROH* dissociates first to a contact
ion pair, consisting of an anion and a hydrogen bonded hydrated
proton complex, which we designate H3O+.

Agmon39 suggested a particular structure for the contact ion
pair formed after photoacid dissociation. The proton in the
contact ion pair does not exist in the H3O+ or the H9O4

+

structures but rather in a symmetric dimmeric structure of H5O2
+

suggested by Zundel40 and seen in X-ray structures of concen-
trated HCl.41 The contact ion pair forms a pentameric ring
structure consisting of the oxygen of the RO- hydrogen bonded
to a pair of water molecules and the ring is closed by two other
water molecules forming the proton dimmer.

The contact ion pair RO-* ‚‚‚H3O+ exhibits about the same
spectroscopic signature as the RO- emission band of the
separated and solvated ion pair. The fluorescence band is broad
and asymmetric and has a peak at about 512 nm. An important
finding of the model fitting to the experimental data imposes
that the equilibrium constant of the first step in the dissociation
process is about 0.5. Thus, the time-dependent concentration
of the contact ion pair is small at all times. The decrease of the
ROH concentration in the first few picoseconds is rather small,
only 30%. This decrease in excited ROH concentration is easily
measured by femtosecond techniques such as fluorescence up-
conversion or pump-probe; see Figure 3 of this paper and also
data shown in Figure 4 of ref 11. In the TCSPC signal of the
ROH fluorescence measured at 435 nm, the first dissociation
step should decrease the ROH signal. But due to limited time
resolution this decrease cannot be detected. In the rise time of
the RO- TCSPC signal measured atλ > 520 nm, a short-rise-

Figure 5. Pump-probe signal of HPTS in water at pH∼ 10, probed
at selected wavelengths.

Figure 6. Pump-probe spectra of HPTS in a neutral water solution
over the wavelength region 480-600 nm at selected times.

Figure 7. Pump-probe spectra, at selected times, of HPTS in a
methanol solution.

Figure 8. Pump-probe spectra of basic solution of HPTS (pH∼ 10)
at selected times.
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time component of about 22% is followed by a long 100 ps
rise time (see Figure 1). It appears as an immediate rise time
within the instrument response function of the TCSPC system.
We interpreted this short-rise-time component over many years
as arising from a large overlap between the emission of ROH
and RO- and also due to a direct excitation of the ground-state
population of the conjugated base RO-(g). The RO-(g)
concentration depends strongly on the solution pH. The pKa of
HPTS in water is about 7.7.3 Figure 2 shows that the overlap
between ROH and RO- in neat ethanol solution at 520 nm is
rather small and is about 8% or less.

We claim in this paper that the short component of about 3
ps in the pump-probe signals shown in Figure 3a,b and the
inconsistency in the decay of ROH and rise in the RO- TCSPC
signals arise from the contribution of a missing step in the
previous model of the proton-transfer reaction and the limited
time resolution of the TCSPC technique. The product of the
first step is probably a contact ion pair where the spectroscopic
properties of the visible absorption and emission of the
RO-* ‚‚‚H3O+ are quite similar to that of a fully separated ion
pair RO-*- - -H3O+. We used a simple kinetic model42 to
display the main features of the ESPT process:

where

and

In our case, the fluorescence band shape and position of the
intermediate product B (RO-* ‚‚‚H3O+) and the C species
(RO-*- - -H3O+) are about the same and, thus, the measured
fluorescence is from either the excited photoacid ROH* with a
peak at 440 nm or the combinedB+C fluorescence at 512 nm
arising from RO-. The ABC model does not include the last
step, the diffusion geminate-recombination of the proton and
the conjugated base.

The first dissociation step is given by

The forward and the backward reaction rate constants,k′PT and
k′r, are relatively fastk′PT ≈ 0.6× 1011 s-1, k′r ≈ 2.2× 1011 s-1,
(τ′PT ≈ 14 ps). In our model, we use a pseudo-first-order rate
constant for the recombination rate constantk′r. The 3 ps
component observed in the ultrafast experiments is somewhat
misleading for deducing the actual rate of the dissociationk′PT
of the acid. It arises from the faster recombination rate constant
k′r. The overall observed fast rate is given by the constantγ1 in
the ABC model (see eq 4a). It is a sum of the forward and
backward rate constants. The second reactive step involves the
separation of the proton from the anion by at least a single water
molecule to form a separated and solvated ion pair. The second
step involves much slower forward and backward rates

kPT ) 3.5 × 1010 s-1 (τPT ≈ 28.6 ps) andkr, the intrinsic
geminate recombination rate constantkr ) κa/4πa2 ≈ 5 × 1010

M-1 s-1; κa = 0.008 ps/Å.16 The second reactive step, followed
by the diffusion-assisted geminate recombination of the proton
with the excited conjugated base RO-*, is quantitatively
described by our previous model.16,22

Because the first-step rate constants are larger than the second-
step rate constants,k′PT, k′r . kPT, kr, the decrease of the
population of ROH* is biphasic, the first step involves the
reduction of the ROH* population by about∼30% to form a
contact ion pair. The contact-ion-pair concentration is limited
because the equilibrium constant,K′eq, is about 0.5 and the
second step involves much slower processes.

Time-Resolved Single Wavelength Measurements.Short
Time.Figure 9 shows the plot of the ABC model calculation of
[A] t, the protonated form ([B]t + [C]t), the combined contribu-
tion of RO-* ‚‚‚H3O+ and RO-*- - -H3O+, and the separate
contributions of [B]t and [C]t as a function of time with rate
constants given in Table 2. The rate constants chosen for the
plots of Figure 9 are those that best fit the pump-probe signal
as well as the TCSPC signals of both ROH and RO-

fluorescence. We clearly see in Figure 9 the nature of the two-
reactive-step model. The ROH band decays in two phasessa
short one of about 3 ps with an amplitude of about 0.3 and a
long-time component of about 100 ps with amplitude of 0.7.
The RO-* signal increases in two phasessone of about 3 ps
and the second one in 100 ps.

The pump-probe signal of HPTS in neutral water is
approximated by a superposition of the absorption of the ROH
and RO-, from the first excited state to higher excited states
and the stimulated emission of the ROH form and the RO- form.
In the spectral rangeλ > 500 nm, the contribution of the
emission of the ROH is small and the absorption of RO-* to a
higher excited state is also small (see Figure 8). The pump-
probe measured signal at a specific wavelengthλ in the long
wavelength 520-600 nm range can be approximated by

A {\}
k′PT

k′r
B {\}

kPT

kr
C

[A] t ) [A] 0[ k′rkr

γ1γ2
+ (γ1

2 - γ1(k′r + kPT + kr) + k′rkr

γ1(γ1 - γ2) )e-γ1t +

(γ2
2 - γ2(k′r + kPT + kr) + k′rkr

γ2(γ2 - γ1) )e-γ2t] (3a)

[B] t ) k′PT[A]0[ kr

γ1γ2
+ ( kPT - γ1

γ1(γ1 - γ2))e-γ1t +

( kr - γ2

γ2(γ2 - γ1))]e-γ2t (3b)

[C]t ) k′PTkPT[A] 0[ 1
γ1γ2

+ ( 1
γ1(γ1 - γ2))e-γ1t +

( 1
γ2(γ2 - γ1))e-γ2t] (3c)

γ1 ) -
(-(k′PT + kPT + k′r + kr) + ∆

2
(4a)

γ2 ) -
(-(k′PT + kPT + k′r + kr) - ∆

2
(4b)

∆ ) x(k′PT + kPT + k′r + kr)
2 - 4(k′PT + kPT + k′rkr + k′PTkr)

H2O + ROH {\}
k′PT

k′rr
RO-‚‚‚H3O

+

RO-‚‚‚H3O
+ {\}

kPT

kr
RO-- - -H3O

+

PPSλ(t) ∝ a1σ(λ)S1fS2

ROH ct
ROH - b1σ(λ)S1fS0

RO-
[ct

RO-‚‚‚H+ +

ct
RO-- - -H+] + c1[exp(-k∆t)] (5a)
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the pump-probe signal measured at 430 nm the signal is given
by

for wherea, b, and c are adjustable amplitudes,σ(λ)S1fS2

ROH and
σ(λ)S1fS2

RO-
are the absorption cross sections for the excited-state

absorption of ROH or RO- to higher excited states.σ(λ)S1fS0

ROH

andσ(λ)S1fS0

RO-
are the emission cross sections from S1 f S0 for

RO- and ROH.ct
ROH, ct

RO-‚‚‚H+
, andct

RO-- - -H+
are the time-

dependent concentrations of the acid form, the contact ion pair,
and the solvated ion pair, respectively. The termc[exp(-k∆t)]
probably arises from the solvation dynamics of the reactant and
products or vibration energy redistribution and subsequent
cooling of the ROH. These processes were also observed by
previous studies.10,11,47 These processes are also observed as
changes in the pump-probe spectra as a function of time (see
Figure 6) and discussed below.

Figure 10a shows the normalized pump-probe signal of
HPTS in water measured at 540 nm along with a computer fit.
Figure 10b shows the experimental results of the pump-probe
signal at 430 nm shown in Figure 3b along with the fit (solid
line) based on the Aa B a C model and calculated using eq
5b. The computed signal (shown as a solid line in the figures)
is convoluted with the pump-probe system response using a
cross correlation of about 250 fs fwhm. As seen in Figure 10a,b,
the fits are rather good. The fitting parameters of Figure 10a
area1 ) 1, b1 ) 1.55 andc1 ) 0.31 and for 10b area2 ) 1, b2

) 1.65 andc2 ) 0.25. The rate constants of the ABC model
for the probe signals in the green and the blue regions are the
same and are given in Table 2.

Long Time.Figure 11a shows, on an extended time scale
the computed time-dependent concentrations of ROH, [A]t,
RO-* ‚ ‚ ‚H3O+, [B] t RO-*- - -H3O+, [C]t, and the combined
RO- concentrations{[B] t + [C]t}. The short-time decay and
rise of [A]t and{[B] t +[C]t}, respectively, is clearly seen. The
time-dependent combined concentrations [B]t + [C]t provide
the total RO- concentration. It is monitored by following the
time-resolved fluorescence measured by the TCSPC technique.

TABLE 2: Kinetic Parameters for the Proton-Transfer Reaction of HPTS in Water Using the ABC Model (Scheme 2)

k′PT

[1011 s-1]
k′ra

[1011 s-1]
kPT

[1010 s-1]
kr

[109 M-1 s-1]
τs

b

[ps]
τf

c

[ns]
γ1

d

[s-1]
γ2

[s-1]

HPTS/H2O 0.60 2.20 3.5 1.5 0.8 5.4 3.01× 1011 7.3× 109

HPTS/D2O 0.3 1.30 2.0 1 0.8 5.4 1.7× 1011 4.5× 109

a k′r is a pseudo-first-order rate constant.b τs is the solvation time constant,τs ) 1/k∆ (k∆ appears in eq 5 and in eq 8).c τf is the excited-state
lifetimes of both ROH and RO-. d See eq 3 in the text.

Figure 9. ABC model calculation: (a) [A]t, ([B] t + [C] t), as well as
[B] t and [C]t as a function of time (see text). (b) Convoluted with
TCSPC IRF of 35 ps.

PPSλ(t) ∝ a2σ(λ)S1fS2

RO-
[ct

RO-‚‚‚H+ + ct
RO-- - -H+] -

b2σ(λ)S1fS2

ROH ct
ROH - c2[exp(-k∆t)] (5b)

Figure 10. Fit of the pump-probe signals of HPTS in water by the
ABC model and using eq 5: (a) measured at 540 nm; (b) measured at
430 nm.
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Figure 11b shows the ABC model concentrations convoluted
with the IRF of 35 ps of the TCSPC system. The signal of the
ROH fluorescence does not show the short-time small amplitude
component of about 3 ps seen in Figure 11a. The rise-time of
RO- of the time-resolved fluorescence signal shows a fast
component with an amplitude of about 0.2 and a long component
of amplitude of 0.8 with a rise-time of about 100 ps. The fast
component of the RO-* rise-time cannot be resolved in time
due to the 35 ps system response. The overall effect of the slow
response of the TCSPC is that the short-time component is

totally missing in the time-resolved ROH emission measurement
whereas the RO- signal has an immediate rise-time with an
amplitude of about 0.2. Over many years of our research we
overlooked the fine detail that leads to the inconsistency between
the initial decay time of about 100 ps of the ROH and the
biphasic rise RO-.

Figure 11c shows the plots of the same computer fits of Figure
11b along with the experimental TCSPC signals of both the
ROH measured at 435 nm and the RO- at 520 nm. The
computed signals are convoluted with the TCSPC system
response of about 35 ps. Because the lifetimes of ROH and
RO- are similar,τf ≈ 5.4 ns, we multiplied the populations
given in eq 3 by exp(-t/τf). As seen in Figure 11c, the short-
time component of the ROH decay is absent in the TCSPC
signal as well as the convoluted computer fit. The rise time of
the RO- is biphasic with short and long-time components. The
fit of the computed signal to the experimental ROH is only good
for short times because the ABC cannot accurately reproduce
the nonexponential decay arising from the diffusion-assisted
geminate recombination step.

Two Kinetic Steps Followed by a Diffusion Step.A more
realistic calculation than the ABC model of both the pump-
probe signal and the long-time behavior, given accurately by
TCSPC measurements, should also include the proton-transfer
dynamics in the diffusion space. For this purpose we used a
modified configuration of the SSDP program34 (shown in
Scheme 2) to calculate the ROH, RO-‚ ‚ ‚H3O+, and RO-

populations.
In Scheme 2, the two reactive steps, are followed by a

diffusion step.
The last step accurately describes the reversible geminate

recombination process between the proton and the solvated
excited conjugate photobase. In the ABC model, the diffusive
part is described by exponential kinetics and hence the long-
time ROH decay cannot be fitted to a satisfactory level; see
Figure 11c. Figure 12a shows the diffusional model fit of the
time-resolved emission of ROH measured at 435 nm, as
measured by the TCSPC technique. As seen in the figure, the
convoluted computer fit is very good at all times. Figure 12b
shows the computed signal prior to convolution with a rather
broad TCSPC instrument response function of 35 ps. The short-
time component of about 3 ps lifetime and amplitude of 25%
of the signal is clearly seen. The parameters of the fitting are
given in Table 3. There are four kinetic parameters,k′PT and
kPT, the forward proton-transfer rate constants and the backward,
recombination rate constants:k′r and kr. The short-time com-
ponent of about 3 ps is mainly determined by the sum of the
rate constant of the first kinetic stagek ) k′PT + k′r. The
amplitude of the short-time component is roughly given by
k′PT/(k′PT + k′r). Becausek′r ∼ 3k′PT, the amplitude of the short
time is smallsabout 25% of the signal. The second time
component decays at about 100 ps.

Using the proposed three-step extended model, the relatively
long 100 ps time component arises from two main contributions
that act stepwise in time. The value of both forward proton-
transfer rate constants,k′PT andkPT, mainly determines the 100
ps time component. These rate constants,k′PT ) 60 ns-1 (τ′PT

∼ 15 ps) andkPT ) 40 ns-1 (τPT ∼ 25 ps), are almost equal.
Though each individual time constant is rather short, the overall
complex multistage model second decay is relatively long (100
ps). The last and longest time component of the ROH transient
population is nonexponential and arises from the reversible
geminate recombination of the diffused proton, at the contact
radius of the RO- solvated form of HPTS, which is placed at

Figure 11. ABC model calculations. (a) Computed time-dependent
concentrations of ROH, [A]t, RO-* ‚‚‚H+, [B] t, RO-*- - -H+, [C] t,
and the combined RO- concentrations{[B] t + [C]t} (see text). (b) ABC
model concentrations convoluted with the IRF of the TCSPC. (c) Plots
of the same computer fits at longer times along with the experimental
TCSPC signals of both ROH (measured at 435 nm) and RO- (measured
at 520 nm).
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abouta ∼ 6 Å. The radius of the bare HPTS is only 3 Å. If one
includes one solvation shell surrounding HPTS, the radius
increases to about 5.5 Å. This value is also deduced from the
measured time-resolved fluorescence anisotropy and the fit to
a rotating sphere with stick boundary condition.

Isotope Effect.Figure 13 shows the pump probe experimental
signal of HPTS in both H2O and D2O. The probe wavelength
is set to 540 nm. As seen, the D2O signal consists of short and
long-time components that are similar but slower than those in
H2O. Solvation dynamics experiments revealed that the solvation
dynamics43,44of coumarin dyes in both H2O and D2O are very
similar. The solvation dynamics of water is bimodal and consists
of two components: an ultra short component of<50 fs and a
longer component of about 0.8 ps.

Thus, we attribute the large difference in the pump-probe
signal to the slower rates of proton transfer in both stages: the
first one forms a contact pair, and in the subsequent step, the
separated ion pair is formed.

The pump-probe signal of HPTS in D2O, as seen in Figure
13, has a short component of about 5 ps with a small amplitude

of about 30% followed by a long component of about 250 ps.
In time-resolved emission measurements (not shown) measured
by the TCSPC technique with 35 ps IRF, we sample only the
long component of about 300 ps in D2O. Thus, the isotope effect
is a factor of 3 for the long component. We used the ABC model
and eq 5 to fit the pump-probe signal of HPTS in D2O excited
at about 400 nm and probed at 540 nm. The fitting parameters
are given in Table 2. The three rate constants,k′PT, kPT andk′r,
are smaller by about a factor of 2 than the values we find for
water.

Pump-Probe Spectra.The pump-probe spectra of HPTS
in various solutions, excited by a pump pulse at∼395 nm and
probed by a supercontinuum at long wavelengthsλ > 490 nm,
are shown in Figures 6-8. Figure 6 shows the pump-probe
transient spectra of HPTS in a neutral water solution in the
wavelength region 500-620 nm at selected times. As seen, the
transient spectrum att ∼ 0.5 ps is positive. The intensity reduces
to zero over time and, in the wavelength region 510-580 nm,
the transient spectra changes sign to a negative signal at about
50 ps. As the time further progresses, the spectra also shift to
the blue and narrow somewhat. Thus, the red part disappears
faster and the blue part of the spectrum decays slower.

In a methanol solution, HPTS is incapable of transferring a
proton within the excited-state lifetime. In this solution, only
the protonated ROH form exists in both the ground and excited
states. The shape and position of the pump-probe transient
spectra shown in Figure 7 mainly resemble the lowest excited-
state absorption. As seen in Figure 7, the spectra are positive
for all times monitored (up to∼100 ps) and the amplitude and
shapes are almost constant.

Figure 8 shows the pump-probe transient spectra of a basic
solution of HPTS (pH∼ 10) at selected times. As seen, the
spectra are negative at all times. The shape and the amplitude
of the spectra change only slightly with time. The spectra narrow
somewhat as time progresses. The negative signal of the basic
solution arises from the strongly stimulated emission signal of
the RO-* centered at about 520 nm.

The fit of the pump-probe spectra of Figure 6 is based on
the new model presented above and is given schematically in
Scheme 2. The pump-probe spectra of Figure 6 were fitted
according to

wherefROH(ω,t) andgRO-(ω,t) are the line shape functions of

Figure 12. Time-resolved emission of HPTS ROH form in H2O
measured at 435 nm (dot) and computer fit using the extended geminate
recombination model; see text (solid line). The computed signal is
convoluted with the IRF of the TCSPC system.Computed signal only.

TABLE 3: Kinetic Parameters for the Proton-Transfer
Reaction of HPTS Water Using the Modified Geminate
Recombination Model (SSDP Fit),RD ) 28Å

k′PT

[ns-1]
k′ra

[ns-1]
kPT

[ns-1]
kr

[Å ns-1]
D

[cm2 s-1]
τROH-
[ns]

τRO--
[ns]

HPTS/H2O 60 220 50 6.5 1.0× 10-4 5.4 5.4
HPTS/D2O 15 60 22 6.0 7.5× 10-5 5.4 5.4

a k′r is a pseudo-first-order rate constant.

Figure 13. Pump-probe signal of HPTS in D2O solution along with
a computer fit using ABC model. The probe signal is measured at 540
nm. For comparison, the results of water samples are also shown

PPS(ω,t) ∝ fROH(ω,t)ct
ROH -

gRO-
(ω,t)[ct

ROH-‚‚‚H+
+ ct

RO-- - -H+
] (6)
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the ROH absorption and the RO- stimulated emission, respec-
tively. ct

ROH, ct
RO-‚‚‚H+, ct

RO- - - -H+
are the time-dependent

concentrations of the acid form, the contact ion pair, and the
solvated ion pair, respectively. The time-dependent concentra-
tions of the various species are calculated by the ABC model
using eqs 3a-c.

Figure 14a shows such a fit to the pump-probe spectra at
selected times. The stimulated emission line shape spectrum,
gRO-(ω,t), was taken from the RO- pH ∼ 10 pump-probe
spectra shown in Figure 8. The line shape spectra for ROH,
fROH(ω,t), is the same as the spectrum of HPTS in water at
5.5 < pH < 6.5 at time 0.5 ps (Figures 6 and 14). Each of the
normalized line shape functions,f(ω,t) andg(ω,t), we first fit
to a log-normal function with adjustable parameters∆, νp, h,
andγ. The shape of the absorption and fluorescence bands of
dye molecules in polar solvents is well described by a
log-normal function,45

whereR ≡ 2γ(ν - νp)/∆, I(V) is the fluorescence intensity at
frequency (V), h is the peak height,νp is the peak frequency,γ
is the asymmetry parameter, and∆ represents the bandwidth.
This four-parameter function describes an asymmetric line shape
which reduces to a Gaussian one in the limitγ ) 0.

The fit is rather good on the high-energy side and quite poor
on the low-energy side. As seen in Figure 14a, the pump-probe
spectra at the low frequencies decay to zero for short times and
the overall effect is a smaller bandwidth. This phenomenon can
be explained as arising from (1) solvation dynamics, (2)
hydrogen bond dynamics, and (3) excess vibration energy of
the excited state att ) 0 leading to the increase of spectral
bandwidth. This is followed by a vibration energy dissipation
to the solvent and subsequent cooling of the solvent molecules
surrounding the excited ROH* molecule.

Pines et al. studied the excited-state hydrogen bond dynamics
of an HPTS analogue, 8-hydroxy-1,3,6-tris(dimethylsulfona-
mide) (HPTA), in mixtures of DCM-DMSO.46 The DMSO is
strongly complexed to HPTA with an equilibrium constant of
Keq ) 358 M-1 and, thus, even a small amount of DMSO
(∼10-2 M) in the mixture is enough to cause a large fraction
of complexed HPTA-DMSO in solution. They found that the
hydrogen bonding dynamics due to excitation by a 400 nm pulse
is short on the order of 55( 10 fs.

The width of the pump-probe band shape of the ROH signal,
∆, shrinks at short times. The time-dependent narrowing of the
width is accounted for by the following expression

where∆0 is the bandwidth in wavenumber att ) 0, ∆∆ ∼ 500
cm-1 is the decrease of the bandwidth for long times, andk∆ is
the rate constant of the bandwidth decrease.

Figure 14b shows the model fit using eq 6 and includes the
time-dependent bandwidth narrowing (eq 8). As seen, the fit is
rather good at all times. For the time-dependent bandwidth
narrowing, we usedk∆ ∼ 1.2 × 1012 s-1. This rate constant is
also used to fit the fastest decay component of the time-resolved
pump-probe signal measured at 540 nm shown in Figure 10a.
The log-normal parameters of both the ROH and RO- pump-
probe spectra are given in Table 4.

Comparison with the Results and Models of Other Groups.
Prayer et al.10 used femtosecond fluorescence up-conversion and
Tran-Thi et al.11 used pump-probe spectroscopies to probe the
early events of the excited-state proton transfer (ESPT) from
HPTS to water. Both studies found that the process involves
two ultrafast steps (300 fs and 2.5 ps) that precede the relatively
slow (87 ps) proton-transfer step. These ultrafast steps were
identified by the authors as the solvation dynamics of the locally
excited (LE) state of the acid and its subsequent relaxation to
an intermediate CT electronic state. Prayer et al.10 found that
in aqueous solutions of pH) 4, the excited HPTS ROH*
fluorescence shifts in time to the red, and its integrated intensity
decreases by about 50% (shown in Figure 3 of ref 10) with a
time constant of about 2.2 ps.10 The fluorescence signal of the
RO-*,measuredat515nm, increaseswith twotimecomponentss
an ultrashort one and a 87 ps long one (Figure 4 of ref 10). The
amplitude of the fast component is about∼30%. The time
dependence of the RO- up-conversion10 signal and this study
TCSPC measurement are similar. The signal rise time of both
measurements consists of short- and long-time components with
similar relative amplitudes. Prayer et al.10 proposed a mechanism

Figure 14. Fit of the HPTS pump-probe spectra at selected times
using the ABC model. Note that the kinetic fitting parameters are the
same as those used for Figures 10a and 11b (given in Table 2). (a) The
ROH line-shape function,fROH(ω,t) is time-independent. (b) The ROH
spectrum bandwidth decreases by about 500 cm-1 with a time constant
of 800 fs.

I(ν) ) h{exp[-ln(2){ln(1 + R)/γ}2] R > -1
0 R e -1

(7)

TABLE 4: Log-Normal Parameters of Both the ROH and
RO- Pump-Probe Spectra

νp

[cm-1] ∆0[cm-1] h γ
∆∆

[cm-1]a

ROH 19 300 2800 0.39 -0.1 500
RO- 19 100 1600 0.665 -0.17 0

a See eq 7.

∆ ) ∆0 - ∆∆(1 - exp(-k∆t)) (8)
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similar to the model we proposed in this paper. In their photoacid
dissociation scheme, the formation of a contact ion pair takes
place within 2.2 ps. The ion pair dissociates into free ions with
a time constant of 87 ps. In a later paper by Tran-Thi et al.11

the short, 3 ps, component was attributed to the relaxation of
the initially prepared excited LE state to the CT state.

In contrast to their latest model,11 in our model the short
component of 3 ps of the pump-probe signal is not attributed
to the formation of a CT state but to the formation of a contact
ion pair. This process is much faster than the preceding step,
of about 100 ps, to form a separated noncontact ion pair.

The two-reactive-step model has similarities with the model
of Ando and Hynes on the dissociation mechanism of HCl and
other acids.28 They found that the mechanism involves two
reactive steps. The first is a nearly activationless motion in a
solvent coordinate, which is adiabatically followed by the
quantum proton rather than tunneling, to produce a contact ion
pair Cl--H3O+, which is stabilized by∼7 kcal/mol. The second
step includes the motion in the solvent with a small activation
barrier, as a second adiabatic proton transfer produces a solvent-
separated ion pair from the contact ion pair in a nearly
thermoneutral process. Motion of a neighboring water molecule,
to accommodate the change of the primary coordination number
from 4 for H2O to 3 for H3O+ of a proton-accepting water
molecule, is indicated as a key feature in the necessary solvent
reorganizations.

The two reactive steps in our qualitatively revised model are
similar to the model proposed by Prayer et al.,10 and also to the
quantitative model of Ando and Hynes for dissociation of a
strong acid such as HCl. The chemical kinetic ABC model
describes only schematically the complex ESPT process. The
fitting parameters of our model are the forward and backward
rate constants of the two reactive steps. The experimental results
of HPTS studies impose an additional constraint. The amplitude
of the decrease in the concentration of the acid form due to the
first fast step is limited to only a small fraction of about 0.3.
To achieve such a small dissociation fraction, we impose that
the back-reaction rate constantk′r (see Scheme 2), should be
larger thank′PT by about a factor of 2. The 3 ps component
observed in the ultrafast experiments is somewhat misleading
for deducing the actual rate of the dissociationk′PT of the acid.
It arises from the faster recombination rate constantk′r. The
overall observed fast rate constantγ1 in the ABC model (eq 4)
is given as a sum of the forward and backward rate constants.
The experimental observations indicate that the larger fraction
of the ROH concentration decays at about 100 ps.

Conclusions

Our recent experiments, using ultrafast techniques,47,48as well
as those by Prayer et al.10 and Tran-Thi and co-workers,11

showed that short-time components exist in both the fluores-
cence up-conversion and the pump-probe signal of an HPTS
water solution. The theoretical work by Hynes and co-workers28

shows also that the acid dissociation process can be divided
into two steps. In past experiments on ESPT, we used the
TCSPC technique with an instrument response function of only
about 35 ps fwhm. The initial decay time of the ROH
fluorescence measured by the TCSPC technique at 435 nm is
100 ps whereas the rise time of the RO- exhibits two time
components, one of a very short time,<20 ps, and the other
having a long time, 100 ps. In the past, we explained the
inconsistency between the ROH decay time and the biphasic
rise time of the RO- by several reasons but never looked at it
more cautiously. In this paper, we claim that the inconsistency

in the TCSPC time-resolved emission signal of the decay of
the ROH and complementary rise of RO- arises from a missing
step in the mechanism of the proton-transfer reaction. The
product of the first step of the photoacid dissociation is a contact
ion pair RO-* ‚‚‚H3O+ where the spectroscopic properties of
the visible absorption and emission are quite similar to those
of a fully solvated and separated ion pair, RO-*- - -H3O+;
i.e., the emission spectroscopy of the RO- form is only slightly
sensitive to the proton position.

On the basis of pump-probe measurements of both ROH
and RO- signals, we developed a new model for intermolecular
ESPT to a solvent. The model includes two reactive steps
followed by a diffusion-assisted step. The model accounts for
the following experimental observations.

1. The time dependence of the excited photoacid ROH*
concentration is biphasic with decay times of∼3 and 100 ps
and relative amplitudes of about 0.3 and 0.7, respectively (the
pump-probe signal is shown in Figure 3b).

2. The time dependence of the formation of the excited
deprotonated form, RO-, is also biphasic with about the same
characteristic times and amplitudes as for the ROH decay (the
pump-probe signal is shown in Figure 3a).

3. A two-reactive-step mechanism, followed by a diffusion
step, fits the experimental data well. The acid first dissociates
to form a contact ion pair RO-* ‚‚‚H+ at about 10 ps. The
equilibrium constant of the first step is about 0.5. Thus the
protonated form, ROH*, concentration decays to a value of
about 0.7.

4. The 3 ps component observed in the ultrafast experiments
is somewhat misleading for deducing the actual rate of the
dissociationk′PT of the acid. The 3 ps component arises from
the faster recombination rate constantk′r. The overall observed
fast rate constant, determined byγ1 in the ABC model is given
as a sum of the forward and backward rate constants.

5. In the second reactive step, the contact ion pair separates
by further solvation of both the RO- and the proton. The rate
of this step is slow,τPT ) 28 ps.

6. The third step involves the diffusion-assisted reversible
geminate recombination of the proton with the excited conju-
gated base.

7. In TCSPC measurements of the time-resolved fluorescence
of the ROH, the first fast step that leads to a partial decay of
the ROH concentration is not observed at all. It appears at the
RO- luminescence as a fast rise time component with amplitude
of about 0.22, much larger than the fluorescence overlap of the
ROH and RO- at the measured wavelength of 520 nm (about
11%).
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