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A femtosecond pumpprobe, 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 pumpprobe signal consists of two ultrafast component.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 pairREOH;O. 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 tmigsps, only~30% of the

excited photoacid molecules are in the form of the conjugated-ffiaston 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 ROpulation 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 picosecond) laser pulsé.1* Consequently, the excited-state

Proton-transfer reactions are among the most common andgmolecules dissociate very rapidly by transferring a proton to a
important chemical and biological proceséesOver the last ~ nearby solvent molecule.
two decades, intermolecular proton transfer in the excited state Over the past 15 years we used a model for an intermolecular
(ESPT), in aqueous solutions and other protic media, has beenESPT process that accounts for various observable experimental
the subject of intensive theoretical and experimental investiga- data. In this model, the overall dissociation process can be
tion as they provide valuable information about the mechanism subdivided into the two consecutive steps of reaction and
and nature of acidbase reactions:! diffusion. In the reactive stage, a rapid short-range charge

To initiate these reactions, protic solvent solutions of suitable separation occurs, and a solvent-stabilized ion pair is formed.
organic molecules are irradiated by short (femtoseeond Thjs is followed by a diffusive stage, when the two ions

* Corresponding author. E-mail: huppert@tulip.tau.ac.il. Fax/phone: Withdraw from each other due to their thermal random motion.
972-3-6407012. The reverse process is geminate recombination (neutralization)
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of the two separated ions either by the direct collapse of the In our previous time-resolved emission studies of HPTS in
ion pair, or following a geminate reencounter of the solvated water measured by TCSPC, the protonated form ROH decays

“free” ions. Scheme 1 shows the model schematicaiy? exponentially at early times at about 100 ps. The RO
fluorescence signal rise time showed that it consists of two
SCHEME 1 components-a short one of<20 ps with amplitude of about
ko bSE 20% an_d a long component of abo_ut 100 ps that matches the
ROH* == [RO*++*H"] .y ==RO * + H" 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 R@We claim in

. The first step is .de'scrlbed by back-rgac’qon boundary condi- ¢his paper that the inconsistency in the TCSPC time-resolved
tions ket andk:. This is followed by a diffusional second step,  emissjon signal of the ROH decay and complementary rise of
in which the hydrated proton is removed from the parent Ro- arises from a missing reactive step in the proton-transfer
molecule solvation shell. In the continuous diffusion approach, \eaction mechanism and from the limited time resolution of
one describes this dissociation reaction second step by atcgpc technique. The missing reactive step is fast, 3 ps, and
spherically symmetric three-dimensional diffusion equation, the 510t be observed by the TCSPC technique.
Debye-Smoluchowski equation (DSE}:?* The boundary
conditions atr = a are those of the back reactiéf!” ket and
k, are the “intrinsic” dissociation and recombination rate

constants at the contact sphere radius A
Quantitative agreement was obtained between theory an dof HPTS—_acetate contact complexes alr_eady exists in the ground
state in high concentrations of acetate ion2 (M). The rate of

experiment, and as a resqlt, it was possible to ma.ke a CIOS?rexcited-state proton transfer from HPTS to acetate in the contact
study OT the ESPT process itself, and also the dynamic and Stat'ccomplex was faster than 150 fs, the time resolution of their
pr%pﬁrt(ljes of the SOl\ie; t6 trisulfonate (HPTS o experimental response. Rini eP’&P proposed an extended three-
-Hydroxypyrene-1,3,6-trisulfonate (HPTS or pyranine) is a g 40 Eigen-Wellér* model to explain the overall observations
photoacid that 1S commonly used in gtudylng the ESPT PrOCESS. of the acid-base experiments, including the slow components
The R.O form' IS quadruply nggaﬂvely charged. Thus, the f the pump-probe experiments. In the first reaction stage, the
reversible geminate recombination process is strongly enhancecgcid and base form a “loose” encounter complex where each
relaét_lvg ﬁp?-rs;ngg;??rged photoe;:?gy;;aj-_naph;ho_ll_. c\;/;le;gave species retains its water solvation shell. This stage is governed
studie or many years. sing the by diffusion and the encountered complex is described by the
technique enabled us to determine the rate of proton transfer ©contact distanca. The second reaction stage occurs within the

water t_o be .(100 ps}. Th? proton-transfer rat(_a could be contact volume and is largely controlled by the solvent. The

determined either by the initial decay time of the time-resolved time scale for the second reaction stage time constant of 6 ps is
fluorescence of th? prqtonated form. (R.OH) measured at 440 governed by the solvent reorganization dynamics and is slightly
nm or by the slow rise-time of the emission of the deprotonated faster than the Debye relaxation. This intermediate reaction stage

species (RO). is relativel i inal, i [
. y slow compared with the final, inner sphere reaction
Prayer et al? and Tran-Thi and co-worke¥sused both  qia46 of the proton transfer, which is faster than 150 fs.

femtosecond fluorescence up-converdfoand pump-probe In this stud d by ti ved . d
spectroscopié$to probe the excited-state proton transfer (PT) absr]orpltfoﬁ ipﬁgﬁ)gggﬁg etr,]e )éslg-?-gi?;gses f??rf SILOI;]Tgnto
from HPTS to water. They found that the process involves two water. We used the TCSPC and femtosecond pemmpbe

ultrafast steps (300 fs and 2.5 ps) that precede the relativelytechniques. On the basis of our experimental data and the data

slow (87 ps) proton-transfer step. They concluded that the : .
excited-state proton-transfer reaction from HPTS to water is a prisented In recent papers qf Prayer efaind Tran-ZT hi et
al! and from model calculations made by Ando et?&lwe

much more complex process than previously reported in the .
literature. The first could be assigned to a fast solvation processdevelolonI a new model for the mtermollecular _ESP,T procgsses.
within the LE state of the acid reached in absorption from the ~ The new model extends our previous diffusion-assisted
ground state. In the second step, LE relaxes within 2.5 ps to atxcited-state proton-transfer model to include an additional
second, somewhat mysterious, intermediate species, which they€active step (see Schemes 1 and 2). The excited protonated
tentatively assign to an electronic state displaying a CT acid ROH* dissociates first to a contact ion pair, consisting of
character. an anion and a hydrogen bonded hydrated proton complex,
The acid ionization of HCI in water was theoretically studied Which we designate 4. The contact ion pair RO+-HsO"
by a combination of electronic structure calculations with ab €Xhibits about the same spectroscopic signature as the RO
initio molecular orbital methods and Monte Carlo computer €Mission band of the separated and solvated ion pair. Similar
simulations by Ando and Hyné& They found that the mech- models for %md dissociation were suggested by Eiged Ando
anism involves two reactive steps: first, a nearly activationless 2nd Hyne§. _ o 3
motion in a solvent coordinate, which is adiabatically folowed A simple and straightforward description of the modified

Recently, Rini2° et al. studied, by means of femtosecond
pump-probe IR spectroscopy, the acibase reaction of HPTS
with acetate ions in a D solution. A relatively large fraction

by the quantum proton to produce a contact ion pairEz0™, ESPT model is given by Scheme 2,
which is stabilized by~7 kcal/mol. The second step includes
the motion in the solvent with a small activation barrier, as a SCHEME 2

second adiabatic proton-transfer stage that produces a solvent-

R ) . . Step one Step two
separated ion pair from the contact ion pair in a nearly pop+ L o % [RO *+++H,0O"] ko
thermoneutral process. The motion of a neighboring water = = 3= 1=y -
molecule to accommodate the change of the primary coordina- contact ion pair
tion number from 4 for HO to 3 for O™ of a proton-accepting B N step three .
water molecule-is indicated as a key feature in the necessary [RO*——=—HO ']y DSE RO™+H;0

solvent reorganizations. separated ion pair



Excited State Proton Transfer J. Phys. Chem. A, Vol. 109, No. 27, 2006967

where R is an organic radical and [R&-H30™] is the contact (a) The unscreened Coulomb potenti&l) = Rp/r, which is
ion pair formed between the molecular anion R@nd the governed by the Debye radius
proton H, separated by a short distang’e ko andk; are the

forward and reverse rate constants of the first step, respectively. |2122|e2

Our old model covers the second and the third steps. Details of = kg T 1)
our old model including the second reactive step and the

diffusive part are given in a separate section. determined by the charges andz of the proton and anion,

the static dielectric constaatof the solvent, and the absolute
temperaturel, wheree is the electronic charge arig is the
Boltzmann constant.

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

(c) The relative aniorrproton diffusion constanD, which
is almost the same as the (very large) protic diffusion con-
stant32:33

(d) The initial separation of the proton after thermalization,
ro. Here we assume thag is that of a bound proton, so that

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 t_he SHG frequency, OVEr ihis parameter plays no role in our analysis.
the spectral range 386100 nm and with the relatively low (e) The intrinsic dissociation and recombination rate constants
repetition rate of 500 kHz. The TCSPC detection system is basedt0 and from contact designatégh andk,, respectively.
on a Hamamatsu 3809U, photomultiplier and Edinburgh Instru- Quantitative agreement was obtained between theory and
ments TCC 900 computer module for TCSPC. The overall oy neriment, and as a result, it was possible to make a closer

instrumental response was about 35 ps (fwhm). Measurementsyy, gy of the ESPT process itself, and also of the dynamic and
were taken at 10 nm spectral width. The excitation pulse energy g +i- properties of the solvent.

was reduced by neutral density filters to about 1 pJ. We checked = 11,4 asymptotic expression (the long-time behavior) for the
the sample’s absorption prior to and after time-resolved g ,rescence of ROHis given by
measurements. We could not find noticeable changes in the

absorption spectra due to sample irradiation. T o k, 4o
For the pump-probe experiments reported, we used an [ROH"] exp(U/z;) = 2& eprD/a)—Dg/zt )
amplified femtosecond Ti:sapphire laser system. In brief, laser Kpr(D)

pulses (50 fs duration, centered near 800 nm with pulse energy . - I
of ~600.1) at & 1 ki reption rat were geneated by a ("1°11 e SXclecaie fetne of e deprtonaed fory
Ti:sapphire-based oscillator (Coherent Mira seed) and amplified othe,r svmbols as previous ydefined £ uatioﬁ 5 shov(/s that the
by a multipass Ti:sapphire amplifier (Odin Quantronix). Samples y P y - =4

were excited by the second harmonic of the amplified laser gﬂl :;zr;'gggeisdZpegfjierOTa;e\é(f?r%LnFéaﬁ;etgésealéts 'tjnt'tmhg
(~400 nm). To obtain probe pulses, we generate a Suloerdinl?ensionalit ofthg roblem For3dimensionsﬁassumes the
continuum by focusing LJ of either the 800 nm or a 400 nm Y P :

—3/2
(the second harmonic of 800 nm) pulse @ra 2 mmthick power law oft™>=

. - . . For the numerical fit, we used the user-friendly graphic
sapphire window. The continuum generated with the 400 nm o
beam provides a probe pulse in the region of 4500 nm. program, SSDP (Ver. 2.63), of Krissinel and AgnidriThe

The probe beam signal was measured by a combination of aComparison of the calculated signal with the experimental results

chopper/lockin amplifier and computer averaging. Interference involves several parameters. Usually, the adjustable parameters
filters of 8 nm fwhm bandwidth at the proper wavelength were are thebpro;[_on-tra{]sfer ratg t? the_ SOIV?F?*’ _aqd Ithel‘ gemufuﬁle
used in front of the probe beam detector, a silicon photodiode. (rjeecczm C'Sf:/;osr? ﬁ:ﬁ'&rk"&b etﬁg?:;::r theelinr:iégl S:agpgn?antia?
The time-resolved pumpprobe spectra were measured by a dro yThe intﬁnsic regomTl:’)ination rate constalgt dges not
miniature diode-array spectrometer SM-240, (CVI) with about ff p't the behavior af — 0 but determi th ' ude of
2 nm resolution. Samples were placed in a rotating optical cell ariect the benhavior ut determines the magnitude o
to avoid degradation. the Iong-tlme tail. The effect of increasikgis somevv_hat similar
. to decreasin@. It differs from the effect of changin&p or a
Steady-st.ate fluorescence spectra were taken using a I:Iuo"m the curvature of these plots. The parameters for the numerical
roMax (Jobin Yvon) spectrofiuorometer. solution of the DSE were taken from the literatgfé’ The
) o contact radiusa = 6 A is slightly larger than the molecule
The'OId Reversible Diffusion-Influenced Two-Step Model spherical gyration radius (4-35.5 A) obtained from measure-
of Pines, Huppert, and Agmon ments of HPTS rotation timé§ It probably accounts for at least
The model is given schematically in Scheme 1. In the ©One layer of water molecule around the HPTS anion.
continuous diffusion approach, the photoacid dissociation reac-
tion is described by the spherically symmetric diffusion equation
(DSEY? in three dimension¥>?” The boundary conditions at Figure 1a shows the time-resolved emission of HPTS in water
r = aare those of the back reaction (Schemekdj.andk; are (4.5 < pH =< 5.5) using the TCSPC technique. The sample was
the “intrinsic” dissociation and recombination rate constants at excited near the peak of the ROH band at 394 nm. Figure la
the contact sphere radius,A detailed description of the model,  shows the emission of the protonated form, ROH*, in a water
as well as the fitting procedure, is given in the refs 16, 27, and solution of pH~ 5 £ 0.5 measured at 435 nm, close to the
31. peak emission at 432 nm. The solid curve is a fit using the
The solution of the DSE is determined by several parameters: SSDP program to solve the DSE with the appropriate initial

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

D TROH  TRO
[cm?s™] [ns™] [ns™

0.0001 0.19 0.19

ket ke Ro
[10°s 1 [10°As [A]
HPTS/HO 8.8 5 28

with increasing pH value. At pH 9 the signal solely arises from
a direct excitation of the ground-state population of the R{p.

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 R@nals. In
the fit shown in the figure, we used amplitude-e22% of the
ROH band with amplitude of only 78% of the Rand.

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 R&10 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 ROIFS/IFDD)
~ 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 ROemission 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 RQusing 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 pH5.5 at the
selected wavelengths 53800 nm (the signals are normalized

Figure 1. Time-resolved emission of HPTS in water at pHb6 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 ROHPTS

in aqueous solution of various pH in the ranges$H < 9. (c) Time-
resolved emission of the ROof 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 1la.
The solid line is constructed by adding a fast-rise-time component with
an amplitude of 0.22.

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 4.35H < 9. As seen in the

Emission
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Figure 2. Steady-state emission spectra of the HPTS weagéranol

figure, the signal is independent of the pH, below pH 6. At a mixtures (mol fraction of EtOH). The excitation wavelength is 394

higher pH values, the amplitude of the fast component increasesnm.
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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: (@) 560 nm;a, 540 nm; (b) 430 nm.

to 1 at the peak intensity). The samples were excited by the po hand shown in Figure 3b is inverted, but similar in shape

SHG of the multipass amplified Ti:sapphire laser system at about 1o signal probed at 540 nm, shown in Figure 3a. It consists
395 nm, close to the absorption band maximum (406 nm) of of three time components: short, medium, and long

the protanated form of HPTS. . . .
The pump-probe signal consists of three time components " 19uré 4a shows the pumprobe signal of HPTS in a

of ~0.8, 3, and about 100 ps. The relative amplitude depends methanol solution at se!ected \_/vavelength_s in th_e spe(_:t_ral region
on the probe wavelength. At the wavelengths 5380 nm, the 510-600 nm. As seen in the figure, the signal is positive with
pump-probe signal gets negative values at times longer than & vVery large amplitude of immediate rise time that follows the
60 ps. In general, the pumprobe signal of an HPT-Swater pump-probe cross-correlation signal of about 250 fs fwhm.
solution at a particular wavelength is a superposition of both Figure 4b shows the pumiprobe signal of HPTS in methanol
the excited-state absorption and stimulated emission to theneutral solution, pumped at 395 nm, and probed at 430 nm.
ground state. The stimulated emission signal is displayed as aThe signal intensity is constant in time and negative. This is a
negative signal whereas the absorption appears as positive signatontrol experiment to the data shown in Figure 3b, in which
The shape of the pumiprobe signal is almost independent of the signal is time-dependent because proton transfer occurs in
the pump and probe intensities. The signal-to-noise value the excited state.
decrease_s as the pump intensity decreases. As seen in Figure 3, Figure 5 shows the pumiprobe signal of HPTS in water at
the amplitude of the shortest component is large for long pH ~ 10. In such a solution, the dominate form is the
wavelengths. The negative amplitude is Iayger for short wave- deprotonated HPTS: RO The ground-state equilibrium of
lengths. F|gur_e 3b shows the pl_Jmprobe signal of HPTS in HPTS is (K = 7.7 approximately, and thus at pH 10, about
Zggenomus_?ﬁéu&%?tgip;t ?('an’tﬁ]ﬁﬂﬁdwegsgggnlr?a?en ddbpr?c?sgs?r: 99% of the molecules are in the R@orm in the ground state.

, 9 9 y 9 As seen in the figure, the signal is negative at all times. The

a24J 395 nm pulse v a 2 mmsapphire window. The probe main part of the signal (about 80% of the signal at 540 nm)

at 430 nm, with a 15 nm fwhm, was shaped and filtered by a decreases at the system response. The smaller amplitude (of

combination of colorglass filters. The signal at short time is bout 20% of the sianal) i ith a t f ab
negative, and at longer times,> 20 ps is positive. The alo:f5 6 of the signal) increases with a time constant of about

amplitude of the negative signal ait~ 0 has about the same
value as the positive signal at 100 ps. The negative signal arises Figure 6 shows the pumjprobe spectra of HPTS in a neutral
from the stimulated emission of the ROH emission band, water solution in the wavelength region 50620 nm at selected
centered at about 434 nm. The positive signal arises fromS  times. As seen, the spectrum changes its intensity as the time
S, absorption of the ROform. The pump-probe signal of the progresses. The spectra also narrow somewhat with time. Thus,
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at selected wavelengths.
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Figure 8. Pump-probe spectra of basic solution of HPTS (pHLO)
at selected times.

0.40
0.35 0.5ps the lowest excited-state absorption to higher excited states. As
0.30 seen in Figure 7, the spectrum is positive at all times monitored
0.25 (up to ~100 ps) and the amplitude and shapes are almost
0.20 constant at all times.
0.15 - ) Figure 8 shows the pumprobe spectra of a basic solution
Tg‘n 0.10 A of HPTS (pH~ 10) at selected times. As seen, the spectrum is
@ 0054 A , negative at all times. The shape and amplitude of the spectra
0.00 - VLY st change only slightly with time. The spectrum narrows somewhat
-0.05 Sy Y and shifts to the blue as time progresses. The negative signal
-0.10 oy 90ps of the basic solution arises from the strong stimulated emission
-0.154 T signal of the RO* centered at about 520 nm.
-0.20 "\‘ P RO’ emission
025 . . . Vel : : . ,
17000 18000 19000 20000 21000 Discussion
Wave number [em’] New Model for ESPT. In this paper, we wish to extend our
Figure 6. Pump-probe spectra of HPTS in a neutral water solution previous diffusion-assisted excited-state proton-transfer model
over the wavelength region 48600 nm at selected times. to include an additional reactive step (see Schemes 1 and 2).
045 The excited protonated acid ROH* dissociates first to a contact
T ion pair, consisting of an anion and a hydrogen bonded hydrated
0.40 1ps proton complex, which we designate®t'.
035 Agmor® suggested a particular structure for the contact ion
1 35 ps pair formed after photoacid dissociation. The proton in the
0.30 72 ps contact ion pair does not exist in thes®f or the HO4"
= 025 143 ps structures but rather in a symmetric dimmeric structure 644
g’“ 020 suggested by Zund€land seen in X-ray structures of concen-

] trated HCI*! The contact ion pair forms a pentameric ring
0.15 structure consisting of the oxygen of the R@ydrogen bonded
] to a pair of water molecules and the ring is closed by two other

0107 water molecules forming the proton dimmer.

0.05+ The contact ion pair RO -+-Hz0™ exhibits about the same

o000~ — spectroscopic signature as the R@mission band of the
16000 17000 18000 19000 20000 21000 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
the red part disappears faster and the blue part of the spectrunrROH concentration in the first few picoseconds is rather small,
decays slower. At about 60 ps, the puagrobe signal turns  only 30%. This decrease in excited ROH concentration is easily
negative. measured by femtosecond technigues such as fluorescence up-

Figure 7 shows the pumiprobe spectra, at selected times, conversion or pumpprobe; see Figure 3 of this paper and also
of HPTS in a methanol solution. In this solution, only the data shown in Figure 4 of ref 11. In the TCSPC signal of the
protonated ROH form exists in both the ground and excited ROH fluorescence measured at 435 nm, the first dissociation
states. In methanol solution, HPTS is incapable of transferring step should decrease the ROH signal. But due to limited time
a proton within the excited-state lifetime and thus the shape of resolution this decrease cannot be detected. In the rise time of
the pump-probe spectra shown in Figure 7 mostly resemble the RO" TCSPC signal measured At~ 520 nm, a short-rise-

Wave number [em]

Figure 7. Pump-probe spectra, at selected times, of HPTS in a
methanol solution.
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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 The forward and the backward reaction rate constabtsand
population of the conjugated base R@). The RO(g) K, are relatively fasks; ~ 0.6 x 1011571 K ~ 2.2 x 10157,
concentration depends strongly on the solution pH. Theqh (thy ~ 14 ps). In our model, we use a pseudo-first-order rate
HPTS in water is about 7 ¥Figure 2 shows that the overlap constant for the recombination rate const&ht The 3 ps

bettt;Neen R|(|)H 3qd Rl?intr:;?t etr|1anol solution at 520 nm is -5 nonent observed in the ultrafast experiments is somewhat
raWer slma .anth'ls abou th :?hr eshs. ; t of about 3 misleading for deducing the actual rate of the dissociakign

S .netf]g'm Ir:]1 Ifort))zp:'r n::}s sk?os r?r.ncgmp?;%g S a?1 dot]he of the acid. It arises from the faster recombination rate constant
ps in the pumpp '9 wn In Figu ' k. The overall observed fast rate is given by the constaiir
inconsistency in the decay of ROH and rise in the RRCSPC .

. . Lo . . the ABC model (see eq 4a). It is a sum of the forward and
signals arise from the contribution of a missing step in the backward rate constants. The second reactive step involves the
previous model of the proton-transfer reaction and the limited - : . P

separation of the proton from the anion by at least a single water

time resolution of the TCSPC technique. The product of the lecule to f ted and solvated i o Th q
first step is probably a contact ion pair where the spectroscopic molecule o form a separated and solvated 1on pair. The secon
step involves much slower forward and backward rates

properties of the visible absorption and emission of the
RO *---H30™ are quite similar to that of a fully separated ion
pair RO*— — —H30". We used a simple kinetic modéto
display the main features of the ESPT process:

The first dissociation step is given by

y
H,0 + ROH==RO *+-H,0"

RO --H,O" % RO — — —H,0"

A‘i_T_B‘i_T_C ket = 3.5 x 100 s71 (7pr &~ 28.6 ps) andk;, the intrinsic
K K geminate recombination rate constnt «./4ma? ~ 5 x 101
' ) , , M~1s71 k, = 0.008 ps/ALé The second reactive step, followed
(Al = [A] kik I 71(K + ker + k) + Kk, R by the diffusion-assisted geminate recombination of the proton
! y1va Y1y — v2) with the excited conjugated base RO is quantitatively
2 (K + kor + k) + Kk described by our previous modél??
Y2 "V T e "t| (3a) Because the first-step rate constants are larger than the second-
vov2 = v1) step rate constantks;, K > ker, k, the decrease of the
population of ROH* is biphasic, the first step involves the
[B], = Kol A k. n Ker = 71 o it 1 reduction of the ROH* population by abott30% to form a
t 20y, 71(71 = 72) contact ion pair. The contact-ion-pair concentration is limited
k—y because the equilibrium constam;_,q, is about 0.5 and the
(—2)] et (3b) second step involves much slower processes.
valy2 = vy Time-Resolved Single Wavelength Measurement§hort

Time.Figure 9 shows the plot of the ABC model calculation of

[Cl; = kpkerlAl o[ 1 + ( 1 )e“t + [A]+, the protonated form ([BH [C]:), the combined contribu-
7172 \va(ya— 72 tion of RO *++-Hz0" and RO*— — —HO", and the separate
1 e 7| (3¢) contributions of [B] and [C] as a function of time with rate

YoV2 = V1) constants given in Table 2. The rate constants chosen for the

plots of Figure 9 are those that best fit the pungpobe 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 phases
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 phaseene of about 3 ps
(4b) and the second one in 100 ps.

The pump-probe signal of HPTS in neutral water is
and 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 R&@m.

— ’ 2 _ r ’ ’
A= ‘/(kPT+ K ke )7 = Alker T ker Kk kerk) In the spectral rangd > 500 nm, the contribution of the
emission of the ROH is small and the absorption of R@® a

In our case, the fluorescence band shape and position of theh. h ited state is al I Fi 8). Th
intermediate product B (RO---H30") and the C species igher excited state is also small (see Figure 8). The pump

(RO*— — —Hs0") are about the same and, thus, the measured probe measured signal at a specific wavelerigth the long
fluorescence is from either the excited photoacid ROH* with a wavelength 526600 nm range can be approximated by
peak at 440 nm or the combin&#-C fluorescence at 512 nm

arising from RO. The ABC model does not include the last PPS(t) O ala(/l)gfiHszctROH — bla(}»)gffso[CtRU""*+ +

step, the diffusion geminate-recombination of the proton and RO — — —H+
the conjugated base. C ] + cilexp(=kyt)] (5a)

where

y1:_(_(k;3T+kPT_2’_k;+kf)+A (4a)

et etk k) — A
Vo=~ 2
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TABLE 2: Kinetic Parameters for the Proton-Transfer Reaction of HPTS in Water Using the ABC Model (Scheme 2)

Kbt k2 ket ke TP 7 71 V2

[10*sT [10*s7 [10%°s7 [10°M~1s]] [ps] [ns] [s™] [s™Y9
HPTS/HO 0.60 2.20 35 1.5 0.8 5.4 3.0410% 7.3x 10°
HPTS/D,O 0.3 1.30 2.0 1 0.8 54 1% 101 45x 1¢°

aki is a pseudo-first-order rate constahts is the solvation time constants; = 1/ka (ka appears in eq 5 and in eq 8) is the excited-state
lifetimes of both ROH and RQ 9 See eq 3 in the text.

a 11 a 1.0-
1.0
] 0.8
0.9
0.8 0.6
0.7 RO“H' and RO—H" E
5 1 . o 0.4+
It e RO—H' -
g ]
£ 05 E 02
2 041 g
Q 0'3_- ///" E 0.0-"
0271 T 0.2
0.14 /I ~ .
00 7 04
T v T T v T T M T T T T T T T
0 20 40 60 80 100 120 0 20 40 60 80 100
Time [ps] Time [ps]
b 301 b os]
25' 0.6
ROH 04-
20 RO-H' and RO---H' 0.2+
----------- _ 0.0
----- - = ]
5 154 RO—H_ 5 02
< Pt »n

0.4
0.6-
0.8
10

0 10 20 30 40 50 60 70 80 9 100
Time [ps]
Figure 10. Fit of the pump-probe signals of HPTS in water by the

Figure 9. ABC model calculation: (a) [A] ([B]: + [C]y), as well as ABC model and using eq 5: (a) measured at 540 nm; (b) measured at
[B]: and [C} as a function of time (see text). (b) Convoluted with 435 geqs: (@ 1

TCSPC IRF of 35 ps.

Time [ps]

the pump-probe signal measured at 430 nm the signal is given __Fi9uré 10a shows the normalized pusgrobe signal of

by HPTS in water measured at 540 nm along with a computer fit.
Figure 10b shows the experimental results of the pupmpbe
PPS(t) [ aza(/l)gl(zsz[CtRo_mH+ + CIRO’— - —H+] _ signal at 430 nm shown in Figure 3b along with the fit (solid

line) based on the A= B == C model and calculated using eq
bzg(i);gHszc[ROH — clexp(—k )] (5b) 5b. The computed signal (shown as a solid line in the figures)

is convoluted with the pumpprobe system response using a
cross correlation of about 250 fs fwhm. As seen in Figure 10a,b,

: : ROH
for ";’E}erea’ b, and ¢ are. adjustable amplltud@e{ﬂ)sﬁsz.and the fits are rather good. The fitting parameters of Figure 10a
0(/1)5;52 are the absorption cross sections for the excited-state area; = 1, by = 1.55 andc, = 0.31 and for 10b are, = 1. b,

absorption of ROH or ROto higher excited states(A)s 's. = 1.65 andc, = 0.25. The rate constants of the ABC model
anda(/l)gfiso are the emission cross sections from-S S for for the probe signals in the green and the blue regions are the
RO and ROH.cF", cROH" andcR®~ ~ """ are the time- ~ same and are given in Table 2.

dependent concentrations of the acid form, the contact ion pair, Long Time.Figure 11a shows, on an extended time scale
and the solvated ion pair, respectively. The tefexp(—kat)] the computed time-dependent concentrations of ROH;, [A]
probably arises from the solvation dynamics of the reactant andRO™*- - -HzO™, [B]; RO™*— — —H30™, [C];, and the combined

products or vibration energy redistribution and subsequent RO~ concentrationg[B]: + [C]i}. The short-time decay and
cooling of the ROH. These processes were also observed byrise of [A]; and{[B]: +[C]i}, respectively, is clearly seen. The
previous studie$?1147 These processes are also observed as time-dependent combined concentrations; [B][C]; provide
changes in the pumpprobe spectra as a function of time (see the total RO concentration. It is monitored by following the
Figure 6) and discussed below. time-resolved fluorescence measured by the TCSPC technique.
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Figure 11. ABC model calculations. (a) Computed time-dependent
concentrations of ROH, [A]RO *---H™, [B];, RO*— — —H™, [C];,

and the combined RCconcentration§[B]: + [C]i} (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 R@asured

at 520 nm).
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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 R@t 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,zs ~ 5.4 ns, we multiplied the populations
given in eq 3 by expft/t;). 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 Stépmore
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 progr&m(shown in
Scheme 2) to calculate the ROH, RO -H3;0*", 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 parametd¢s, and
ke, the forward proton-transfer rate constants and the backward,
recombination rate constantg; andk.. The short-time com-
ponent of about 3 ps is mainly determined by the sum of the
rate constant of the first kinetic stade= ks + k. The
amplitude of the short-time component is roughly given by
Kot/ (Kot + kp). Becausek, ~ 3kir, the amplitude of the short
time is smah-about 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

Figure 11b shows the ABC model concentrations convoluted that act stepwise in time. The value of both forward proton-

with the IRF of 35 ps of the TCSPC system. The signal of the

transfer rate constant, andker, mainly determines the 100

ROH fluorescence does not show the short-time small amplitude ps time component. These rate constakits,= 60 ns* (z'pt
component of about 3 ps seen in Figure 11a. The rise-time of ~ 15 ps) andket = 40 ns! (zpr ~ 25 ps), are almost equal.

RO~ of the time-resolved fluorescence signal shows a fast Though each individual time constant is rather short, the overall
component with an amplitude of about 0.2 and a long componentcomplex multistage model second decay is relatively long (100
of amplitude of 0.8 with a rise-time of about 100 ps. The fast ps). The last and longest time component of the ROH transient
component of the RO rise-time cannot be resolved in time  population is nonexponential and arises from the reversible
due to the 35 ps system response. The overall effect of the slowgeminate recombination of the diffused proton, at the contact
response of the TCSPC is that the short-time component isradius of the RO solvated form of HPTS, which is placed at
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Figure 13. Pump-probe signal of HPTS in BD 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

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@. Thus, the isotope effect
is a factor of 3 for the long component. We used the ABC model
and eq 5 to fit the pumpprobe signal of HPTS in BD excited
at about 400 nm and probed at 540 nm. The fitting parameters
are given in Table 2. The three rate constakis, ket andk;,
are smaller by about a factor of 2 than the values we find for
water.

Pump-Probe SpectraThe pump-probe spectra of HPTS
in various solutions, excited by a pump pulse~&95 nm and
probed by a supercontinuum at long wavelendths 490 nm,
are shown in Figures-68. Figure 6 shows the pumiprobe

measured at 435 nm (dot) and computer fit using the extended geminate;rgnsient spectra of HPTS in a neutral water solution in the

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),Rp = 28A

ket k2 ket ke D TROH™ TRO™-

[nsY [nsY [nsY [AnsY [ecm2s [ns] [ns]

HPTS/HO 60 220 50 6.5 1.&x10* 54 54
HPTS/DO 15 60 22 6.0 7.5 10° 54 5.4

ak is a pseudo-first-order rate constant.

abouta ~ 6 A. The radius of the bare HPTS is only 3 A. If one
includes one solvation shell surrounding HPTS, the radius

increases to about 5.5 A. 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 KD and BO. The probe wavelength
is set to 540 nm. As seen, the®@ signal consists of short and
long-time components that are similar but slower than those in

H,0. Solvation dynamics experiments revealed that the solvation

dynamic$344of coumarin dyes in both #0 and BO are very
similar. The solvation dynamics of water is bimodal and consists
of two components: an ultra short componentd&0 fs and a
longer component of about 0.8 ps.

Thus, we attribute the large difference in the purmpobe

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 gD, as seen in Figure

wavelength region 508620 nm at selected times. As seen, the
transient spectrum &t~ 0.5 ps is positive. The intensity reduces

to zero over time and, in the wavelength region 5580 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 purpmbe 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 te-100 ps) and the amplitude and
shapes are almost constant.

Figure 8 shows the pumfprobe 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 pumgprobe spectra of Figure 6 were fitted
according to

PPS,t) O f*°H(w,t)ckoM —

gRO*(a),t)[ctROHf"'H+ + CtRof— - —H+] (6)

13, has a short component of about 5 ps with a small amplitude wherefROH(w,t) andgR® (w,t) are the line shape functions of
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a 04 TABLE 4: Log-Normal Parameters of Both the ROH and
< RO~ Pump—Probe Spectra
0.3 v AA
1 [cm™ Aglcm™ h y [cm™12
021 ROH 19300 2800 039 —0.1 500
ot | RO~ 19100 1600 0.665 —0.17 0
e aSee eq 7.
2
00 The fit is rather good on the high-energy side and quite poor
" 1_- on the low-energy side. As seen in Figure 14a, the pupmpbe
o spectra at the low frequencies decay to zero for short times and
024 the overall effect is a smaller bandwidth. This phenomenon can
be explained as arising from (1) solvation dynamics, (2)
" T T " T hydrogen bond dynamics, and (3) excess vibration energy of
17000 18000 19000 B 20000 21000 the excited state dat= 0 leading to the increase of spectral
Wave mumber [em ] bandwidth. This is followed by a vibration energy dissipation
to the solvent and subsequent cooling of the solvent molecules
b 04 surrounding the excited ROH* molecule.
1 Pines et al. studied the excited-state hydrogen bond dynamics
0.3 of an HPTS analogue, 8-hydroxy-1,3,6-tris(dimethylsulfona-
] mide) (HPTA), in mixtures of DCM-DMSO6 The DMSO is
024 strongly complexed to HPTA with an equilibrium constant of
01- Keg = 358 M1 and, thus, even a small amount of DMSO
E o (~1072 M) in the mixture is enough to cause a large fraction
2 00 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,

0.1+

_0,2: A, shrinks at short times. The time-dependent narrowing of the
) width is accounted for by the following expression
17000 18000 19000 20000 21000 A=Ay — AA(L — exp(k,b) 8)

Wave number [cm’]

Figure 14. Fit of the HPTS pumpprobe spectra at selected times WhereAq is the bandwidth in wavenumber &t 0, AA ~ 500

using the ABC model. Note that the kinetic fitting parameters are the cm™! is the decrease of the bandwidth for long times, ko

same as those used for Figures 10a and 11b (given in Table 2). (a) Thehe rate constant of the bandwidth decrease.

ROH line-shape functiorfR°H(w,t) is time-independent. (b) The ROH ; ; ; ;

spectrum bandwidth decreases by about 500'emith a time constant . Figure 14b shows th? model fit using eq 6 and includes .th.e

of 800 fs. time-dependent bandwidth narrowing (eq 8). As seen, the fit is
rather good at all times. For the time-dependent bandwidth

the ROH absorption and the RGtimulated emission, respec- narrowing, we usetfy ~ 1.2 x 10'2s™L This rate constant is

tively. cROH, ROt cRO- ~~ 7" are the time-dependent  also used to fit the fastest decay component of the time-resolved

concentrations of the acid form, the contact ion pair, and the PUmp-probe signal measured at 540 nm shown in Figure 10a.
solvated ion pair, respectively. The time-dependent concentra- 1 ne log-normal parameters of both the ROH and RDmp-
tions of the various species are calculated by the ABC model Probe spectra are given in Table 4.
using eqgs 3ac. Comparison with the Results and Models of Other Glroups.
Figure 14a shows such a fit to the pumprobe spectra at ~ Prayer et al® used femtosecond fluorescence up-conversion and
selected times. The stimulated emission line shape spectrum,Tran-Thi et al* used pump probe spectroscopies to probe the
gRO (w,t), was taken from the ROpH ~ 10 pump-probe early events of the excneo_l-state proton transfer (ESP_T) from
spectra shown in Figure 8. The line shape spectra for ROH, HPTS to water. Both studies found that the process mvo!ves
fROH(w 1), is the same as the spectrum of HPTS in water at tWO ultrafast steps (300 fs and 2.5 ps) that precede the relatively
5.5 < pH < 6.5 at time 0.5 ps (Figures 6 and 14). Each of the _slow_(_87 ps) proton-transfer step. These ultra_lfast steps were
normalized line shape functionfw,t) andg(wt), we first fit |der)t|f|ed by the authors as the solvgtlon dynamics of the chally
to a log-normal function with adjustable parametarsv,, h, excllted (LE)'state of the aC|q and its subsequent relaxation to
andy. The shape of the absorption and fluorescence bands ofah intermediate CT electronic state. Prayer €f &und that
dye molecules in polar solvents is well described by a iN aqueous solutions of pk- 4, the excited HPTS ROH*

log-normal functiorf> fluorescence shifts in time to the red, and its integrated intensity
decreases by about 50% (shown in Figure 3 of ref 10) with a

_ JexplIn@YIn(1 + )y} o> -1 time constant of about 2.2 p8The fluorescence signal of the

I(v) =h a<—1 O RO * measured at 515 nm, increases with two time comporents

an ultrashort one and a 87 ps long one (Figure 4 of ref 10). The
whereo. = 2y(v — vp)/A, 1(v) is the fluorescence intensity at  amplitude of the fast component is abouB0%. The time
frequency (), h is the peak heighty, is the peak frequency, dependence of the RQup-conversioff signal and this study
is the asymmetry parameter, andrepresents the bandwidth. TCSPC measurement are similar. The signal rise time of both
This four-parameter function describes an asymmetric line shapemeasurements consists of short- and long-time components with
which reduces to a Gaussian one in the ligit= 0. similar relative amplitudes. Prayer et'&proposed a mechanism
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similar to the model we proposed in this paper. In their photoacid in the TCSPC time-resolved emission signal of the decay of
dissociation scheme, the formation of a contact ion pair takes the ROH and complementary rise of R@rises from a missing
place within 2.2 ps. The ion pair dissociates into free ions with step in the mechanism of the proton-transfer reaction. The
a time constant of 87 ps. In a later paper by Tran-Thi étal. product of the first step of the photoacid dissociation is a contact
the short, 3 ps, component was attributed to the relaxation of ion pair RO™*---H3O" where the spectroscopic properties of
the initially prepared excited LE state to the CT state. the visible absorption and emission are quite similar to those
In contrast to their latest mod#l,in our model the short  of a fully solvated and separated ion pair, RG- — —H30™;
component of 3 ps of the pumyprobe signal is not attributed  i.e., the emission spectroscopy of the Rorm is only slightly
to the formation of a CT state but to the formation of a contact sensitive to the proton position.
ion pair. This process is much faster than the preceding step, On the basis of pumpprobe measurements of both ROH
of about 100 ps, to form a separated noncontact ion pair. and RO signals, we developed a new model for intermolecular
The two-reactive-step model has similarities with the model ESPT to a solvent. The model includes two reactive steps
of Ando and Hynes on the dissociation mechanism of HCI and followed by a diffusion-assisted step. The model accounts for
other acidg® They found that the mechanism involves two the following experimental observations.
reactive steps. The first is a nearly activationless motion in a 1. The time dependence of the excited photoacid ROH*
solvent coordinate, which is adiabatically followed by the concentration is biphasic with decay times~e8 and 100 ps
quantum proton rather than tunneling, to produce a contact ionand relative amplitudes of about 0.3 and 0.7, respectively (the
pair Ck—H3O™, which is stabilized by~7 kcal/mol. The second  pump—probe signal is shown in Figure 3b).
step includes the motion in the solvent with a small activation 2. The time dependence of the formation of the excited
barrier, as a second adiabatic proton transfer produces a solventdeprotonated form, RQ is also biphasic with about the same
separated ion pair from the contact ion pair in a nearly characteristic times and amplitudes as for the ROH decay (the
thermoneutral process. Motion of a neighboring water molecule, pump—probe signal is shown in Figure 3a).
to accommodate the change of the primary coordination number 3. A two-reactive-step mechanism, followed by a diffusion
from 4 for H;O to 3 for HO™ of a proton-accepting water  step, fits the experimental data well. The acid first dissociates
molecule, is indicated as a key feature in the necessary solventp form a contact ion pair RG---H* at about 10 ps. The
reorganizations. equilibrium constant of the first step is about 0.5. Thus the
The two reactive steps in our qualitatively revised model are protonated form, ROH*, concentration decays to a value of
similar to the model proposed by Prayer et'&and also to the about 0.7.
quantitative model of Ando and Hynes for dissociation of & 4. The 3 ps component observed in the ultrafast experiments
strong acid such as HCI. The chemical kinetic ABC model s somewhat misleading for deducing the actual rate of the
describes only schematically the complex ESPT process. Thegissociationk pr of the acid. The 3 ps component arises from
fitting parameters of our model are the forward and backward the faster recombination rate const&int The overall observed

rate constants of the two reactive steps. The experimental result§ast rate constant, determined fyin the ABC model is given
of HPTS studies impose an additional constraint. The amplitude as a sum of the forward and backward rate constants.

of the decrease in the concentration of the acid form due to the 5 | the second reactive step, the contact ion pair separates
first fast step is limited to only a small fraction of about 0.3. by further solvation of both the ROand the proton. The rate

To achieve such a small dissociation fraction, we impose that of this step is slowzpr = 28 ps.

the back-reaction rate constakjt(see Scheme 2), should be
larger thanks; 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 dissociatign of the acid.

It arises from the faster recombination rate constiniThe
overall observed fast rate constasntin 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.

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

0,
Conclusions 119%).
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shows also that the acid dissociation process can be divided

into two steps. In past experiments on ESPT, we used the Supporting Information Available: A detailed procedure
TCSPC technique with an instrument response function of only to estimate the overlap between ROH and Ré@nission in
about 35 ps fwhm. The initial decay time of the ROH water solution at 520 nm. This material is available free of
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100 ps whereas the rise time of the R@xhibits two time
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