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In a previous work, we proposed an extended model for intermolecular excited-state proton transfer to the
solvent. The model invoked an intermediate species, the contact ion-pai-RED", where a proton is
strongly hydrogen bonded to the conjugated photabase® R@ this study we tested the extended model by
measuring the transient absorption and emission of 8-hydroxypyrene-1,3,6-trisulfonate (HPTS) in an agqueous
solution in the presence of a large concentration of mineral acids. In a neutral pH solution, the gpoirg

signal consists of three time componertg, 4, and 100 ps. The 4 ps time component, with a relative amplitude

of about 0.3, was attributed to the formation of the contact ion-pair and the long 100 ps component to the
dissociation of the ion-pair to a free proton and ROIn the presence of acid, the recombination of an
excess proton competes with the geminate recombination. At a high acid concentration, the recombination
process alters the time-dependent concentrations of the reactant, product and intermediate contact ion-pair.
We observed that when the acid concentration increases, the amplitude of both the long and intermediate
time components decreases. At ab8WM of acid, both components almost disappear. Model calculations of

the acid effect on the transient HPTS signal indeed showed that the amplitude of the intermediate time
component decreases as the excess proton concentration increases.

Introduction SCHEME 1

Proton-transfer reactions are ubiquitous in chemical and ROH* —‘ﬂb (RO *.-H'),, ——= RO*+H'
biological processes* Over the last two decades, inter- '
molecular proton transfer in the excited state (ESPT) has been
studied extensively both theoretically and experimentally and
provided valuable information about the mechanism and nature
of acid—base reaction%:1!

To initiate these reactions, protic solvent solutions of suitable
organic molecules are irradiated by short (femtoseeond
picosecond) laser pulsés** Consequently, the excited-state
molecules dissociate very rapidly by transferring a proton to a
nearby solvent molecule.

8-Hydroxypyrene-1,3,6-trisulfonate, (HPTS or pyranine) is
a photoacid commonly used in the study of the ESPT process.
The RO form is quadruply negatively charged. Thus, the
reversible geminate recombination process is strongly enhance
relative to a singly charged photoacid like 2-naphthol. We have
studied HPTS ESPT for many yedfsl’ 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 . . o -
contact ion-pair, consisting of an anion and a hydrogen-bonded

of the deprotonated species (RO - .
Over the past decade, we used a model for an intermolecuIar.hydr""tEd proton complex which we designag¥ The contact

-pai *eeeH0T ibi i .
ESPT process that accounts for the geminate recombination of't(r)gsgglr.fg natH?é)aset);whéblgs@i:)'(snsﬁotr?i;ﬁ?gf ltjr;\gn:esr;?gte d
the transferred proton. In this model, the overall dissociation pic signatu 1SSt P

process can be subdivided into the two consecutive steps 0fion-pairand the free RQ Our model accounts for the following

. e : : experimental observations:
reaction and diffusion. In the reactive stage, a rapid short-range . . "
charge separation occurs and a solvent-stabilized ion pair is. 1. The time-dependent concentration of both ROH* and RO

formed. This is followed by a diffusive stage, when the two is biphasic with time constants ef4 and 100 ps and relative

ions withdraw from each other due to their thermal random amphtude; of about 0'3. and 0.7, respectlyely: The ROH
concentration decays while the R@oncentration increases.

* Corresponding author. E-mail: huppert@tulip.tau.ac.il. Faxitele- 2. A two reactive step mechanism, followed by a diffusion
phone: 972-3-6407012. step, fits the experimental data well. The acid first dissociates

motion. The reverse process is geminate recombination (neu-
tralization) of the two separated ions either by the direct collapse
of the ion pair, or following a geminate reencounter of the
solvated “free” ions.

In a previous study, we measured using time-resolved
emission and absorption spectroscopies the ESPT process from
HPTS to water. We used the time correlated single proton
counting TCSPC and femtosecond pungoobe techniques. On
the basis of the experimental data and the experimental data
presented in the recent papers of Prayer &t ahd Tran-Thi et
al and model calculations made by Ando et'&lwe adopted

he framework of the model that was originally proposed by
oth Eiged and Welle? for the intermolecular ESPT processes.
The 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
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SCHEME 2

step one step two step three
ROH* + H,0 —‘k(;_”—> [RO™ *---H,0" 0o —"«f’—:’ [RO™ *———H,0"],., === RO™* + H,0"

contact ion— pair separated ion— pair

to form a contact ion pair RG ---H3O" with a time constant ~ was reduced by neutral density filters to about 10 pJ. We
of about 15 ps. The equilibrium constant of the first step is checked the sample’s absorption prior to and after time-resolved
about 0.5. Thus, the concentration of the protonated form, measurements. We could not find noticeable changes in the
ROH*, decays at a short time of about 4 ps to an equilibrium absorption spectra due to sample irradiation.
value of about 0.7. For the pump-probe experiments reported, we used an

3. The 4 ps component observed in the ultrafast experimentsamplified femtosecond Ti:sapphire laser system. In brief, laser
is somewhat misleading for deducing the actual rate of dis- pulses (50 fs duration, centered near 800 nm with pulse energy
sociation. The 4 ps component arises from the faster recombina-of ~600 ©«J) at a 1 kHz repetition rate were generated by a
tion rate constant. The overall observed fast rate constant isTi:sapphire-based oscillator (Coherent Mira seed) and amplified
given as a sum of the forward and backward rate constants. by a multipass Ti:sapphire amplifier (Odin Quantronix). Samples

4. In the second reactive step, the contact ion-pair separatesvere excited by the second harmonic of the amplified laser
by further solvation of both the ROand the proton. The rate  (~400 nm). To obtain probe pulses, we generated a super
of this step is slowzpr = 28 ps. continuum by focusing LJ of either the 800 or 400 nm (the

5. The third step involves the diffusion-assisted reversible second harmonic of 800 nm) pulse ort 2 mmthick sapphire
geminate recombination of the proton with the excited conju- window. The continuum generated with the 400 nm beam
gated base. provided a probe pulse in the region of 41800 nm. The probe

Recently, Mohammed et &.studied, using femtosecond beam signal was measured by a combination of a chopper/lockin
midinfrared spectroscopy, the vibrational-mode characteristics amplifier and computer averaging. Interference filters of 8 nm
of the electronic state involved in the excited-state dynamics fwhm bandwidth at the proper wavelength were used in front
of HPTS that ultimately led to efficient proton transfer inG1 of the probe beam detector, a silicon photodiode. Samples were
They concluded that, for HPTS photoacid, the first excited placed in a rotating optical cell to avoid degradation. The HPTS
singlet state appears to have charge-transfer properties in wateconcentration in the rotating cell was>3 10~4 M.
within a time resolution of 150 fs whereas, in aprotic DMSO,  Steady-state fluorescence spectra were taken using a Fluoro-
the photoacid appears to be in a nonpolar electronic excited Max (Jobin Yvon) spectrofluorimeter. HPTS, laser grade, was
state. They argued that previously observed short time- purchased from Kodak. Perchloric acid, 70% reagent grade, was
components in UV/vis pumpprobe studies should be related purchased from Aldrich. For steady-state fluorescence measure-
to solvation dynamics rather than to intermediates in the proton- ments we used solutions 62 x 107> M of HPTS.
transfer process. Thus, their conclusion contradicts our model The Old Reversible Diffusion-Influenced Two Step Model
and similar model3%1! which indicate that proton transfer of Pines, Huppert, and Agmon.Scheme 1 shows the “old”
occurs in HPTS during the early stages. model schematicall§?-26

In this study, we further explore the validity of the extended  The first step is described by back-reaction boundary condi-
proton dissociation model by monitoring the “acid” effect by tionsker andk,. This is followed by a diffusional second step,
introducing a large concentration of strong mineral acid to the in which the hydrated proton is removed from the parent
solution. The excess protons compete with the geminate protonmolecule solvation shell. In the continuous diffusion approach,
to recombine reversibly with RGO and re-form the excited  one describes this dissociation reaction second step by a

photoacid, ROH*. spherically symmetric three-dimensional diffusion equation, the
Debye-Smoluchowski equation (DSBJ:28 ket andk; are the
RO ™ + H ces™ ROH*, RO ™* + H' (oo ROH* “intrinsic” dissociation and recombination rate constants at the
(1) contact sphere radiug, ket determines the initial slope of the

) ) o decay curves: the largéer, the faster the initial exponential
At large acid concentrations, the recombination process altersgecay. The intrinsic recombination rate constantdoes not

Fhe time-(_:iependent cqncent_rations, of the reactant, product, andaffect the behavior at— 0, but determines the magnitude of
intermediate contact ion-pair. the long-time tail. Quantitative agreement was obtained between
theory and experiment. A detailed description of the model, as
well as the fitting procedure, is given in refs 17, 21, and 29.
Time-resolved fluorescence was acquired using the time- The New Model for ESPT. In our previous papet, we
correlated single-photon counting (TCSPC) technique, the extended our previous diffusion-assisted excited-state proton-
method of choice when sensitivity, large dynamic range, and transfer model to include an additional reactive step (see Scheme
low intensity illumination are important criteria in fluorescence 1). A simple and straightforward description of the modified
decay measurements. ESPT model is given by Scheme 2, where R is an organic radical
For excitation, we used a cavity dumped Ti:sapphire femto- and [RO*---HzO*] is the contact ion pair formed between the
second laser, Mira, Coherent, which provides short, 80 fs, pulsesmolecular anion RO and the proton H, separated by a short
of variable repetition rate, operating at the SHG frequency, over distanced'. ket andk’; are the forward and reverse rate constants
the spectral range of 382100 nm with the relatively low of the first step, respectively. Our old model covers the second
repetition rate of 500 kHz. The TCSPC detection system is basedand third steps. Details of our old model including the second
on a Hamamatsu 3809U, photomultiplier and Edinburgh Instru- reactive step and the diffusive part were given in the previous
ments TCC 900 computer module for TCSPC. The overall section.
instrumental response was about 35 ps (fwhm). Measurements The excited protonated acid ROH* dissociates first to a
were taken at 10 nm spectral width. The excitation pulse energy contact ion-pair, consisting of an anion and a hydrogen bonded

Experimental Section
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hydrated proton complex which we designagOi. The contact 1.0 I

ion-pair RO*---H30* exhibits about the same spectroscopic | v F N\ 0.30M

signature as the ROemission band of the separated and 0™
. . . . . 0.8 -=-=-- 8.6x10°M

solvated ion-pair. The fluorescence band is broad, is asymmetric, . |/ N £ % 43010°M

and has a peak at about 512 nm. An important finding of the g —LIX10°M

model fitting to the experimental data imposes that the equi- goed4 [ ¥ K 2-7x10jM

librium constant of the first step in the dissociation process is g _ﬁlﬂﬂsﬁ

about 0.5. Thus, the time-dependent concentration of the contact = oad Lo TR N 6.6x10°M

ion pair is small at all times. The decrease of the ROH s / e

concentration in the first few picoseconds is rather small, only g

30%. This decrease in excited ROH concentration is easily S 024

measured by femtosecond techniques such as fluorescence up-

conversion or pumpprobe. In the TCSPC signal of the ROH

6.
fluorescence, measured at 435 nm, the first dissociation step 00 420 450 480 510 540 570 600 630
should decrease the ROH signal. However, due to limited time Wavelength [nm]
resolution, this decrease cannot be detected. In the rise-time of 1.0
the RO" TCSPC signal measured at> 520 nm, a short rise- [
time component of about 22% is followed by a long 100 ps LooMm 3.80M
rise-time. It appears as an immediate rise-time within the o 087 2.82M
instrument response function of the TCSPC system. We used a § L78M
simple kinetic modéf to display the main features of the ESPT £ 06 :zm
process: &
Kpr kot E 0.4+
A e B au C g
Z 02-
where A denotes the photoacid, B the ion pair, and C the
separated ion pair and the diffusive free ROIn our case, the

fluorescence band shape and position of the intermediate product b 0.0
B (RO*---H;0") and the C species (R®- - -H3;0%) are about

the same, and thus, the measured fluorescence is from either

the excited photoacid ROH* with a peak at 440 nm or the Figure 1. Steady-state emis_sion spectra of HPTS in the presence of
combined B+ C fluorescence at 512 nm arising from RO~ HClO« (a) HCIQ, concentration 18 M < ¢ = 0.6 M; (b) large acid
The ABC model does not include the last step, the diffusion concentration, 1 M= ¢ < 6 M.

assisted geminate-recombination of the proton with the conju- 1.04
gated base. The time-dependent concentrations of A (ROH), B
(RO™---H™), and C (RO- - -H™) are given in Appendix A.

Since the first step rate constants are larger than the second
step rate constant&pr, k't > kpr, k;, the decrease of the
population of ROH* is biphasic, the first step involves the
reduction of the ROH* population by30% to form a contact
ion-pair. The contact ion-pair concentration is limited since the
equilibrium constantK'eq is about 0.5 and the second step
involves much slower processes. The recombination rate
constantk andk’, are modified by the acid concentration. In
general, they can be considered as pseudo-first-order rate
constants with respect to the acid concentration. Appendix B
deals with the dependence of the recombination rate constants
on the acid concentration.

—T T T — T ——
420 450 480 510 540 570 600 630
Wavelength [nm]

Relative Intensity

Figure 2. Relative fluorescence intensities of the R(M) and ROH
Results (®) forms of HPTS, as a function of acid concentration along with the
calculation using the ABC model. Key: contact ion-pair (- - -), free
Steady-State EmissionFigure la shows the steady-state RO™ (:*:+), ROH (—), and combined ROand ion-pair probabilities
emission spectra of HPTS in the presence of low concentrations(™)-
of HCIO, in the concentration range 1M < ¢ < 0.6 M. The
emission spectra consist of two broad structurless bandsintensity decreases as the acid concentration increases. At 6 M
positioned at about 435 nm and 510 nm. The photoacid form HCIO4, the RO emission band intensity is close to zero.
ROH emits at 435 nm and RGat 510 nm. The emission spectra Figure 2 shows the plots of the relative fluorescence intensities
in the figure are normalized to the deprotonated fornT R&s of the RO and ROH forms of HPTS, as a function of HGIO
the acid concentration increases the intensity of the ROH concentration (symbols). The protonated and deprotonated
emission band positioned at about 435 nm increases. At 0.8 Mfluorescence intensities were taken as the peak intensities at
of HCIQ,, the intensity of the ROH and RGluorescence bands 440 and 510 nm respectively. At 0.8 M HCJGhe fluorescence
is almost equal. intensities of the RO and ROH are about equal. As will be
Figure 1b shows the emission spectra of HPTS at high acid shown in the Discussion, we are able to fit this fluorescence
concentrations, 1 M< ¢ < 6 M. In this concentration range titration plot with our extended model while the single reactive
the spectra are normalized to the ROH band. The R@nd step ESPT model fails to do so.
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Figure 3. Pump-probe signal of HPTS probed at 540 nm in aqueous Time [ps]
solutions of various concentrations of HGIO Figure 4. Pump-probe signal of HPTS probed at 430 nm in aqueous
. solutions containing high concentrations of acids.
TABLE 1: ABC Model Fitting Parameters for HPTS
Pump~—Probe Signal Probed at 540 TABLE 2: ABC Model Fitting Parameters for a
C(HCIO) Kprx 10° Ky x 10° kerx 10° ko x 10° 71 x 10%0 5, x 10M Pump—Probe at 430 nm
[M] [sy? [s2 [s42 [s42 [P [s74P C(HCIOs) Kprx 10° Ky x 10° kerx 10° k x 1P y 1 x 100 y, x 101
0.01 35 80 35 5 126 142 M] [ N O s N e S e GO e
0.10 35 85 35 10 1.63 1.49 0.30 35 90 35 10
0.25 35 90 35 155 2.00 1.55 1.00 35 105 35 25 2.75 1.68
0.50 35 100 35 25 2.75 1.68 1.50 35 130 35 50 4.66 2.03
1.00 35 110 35 35 35 1.80 3.00 35 170 35 90 7.81 252
1.50 35 125 35 45 430  1.99 o _
2.00 35 140 35 70 6.17 2.18 aFitting parameter? Calculated by eq a® (Appendix A).
3.00 35 180 35 100 8.6 2.64
6.00 25 210 35 126 15 35 pair is small with a relative amplitude of about 0.25. At low
a Fitting parameter® Calculated by eq a2(Appendix A).¢ At 6 M acid concentrations, the intermediate ion-pair transient con-

HCIO, the proton transfer and recombination rate constants decrease.centration first increases with an approximately 4 ps time
constant and subsequently decays at about 100 ps. At high

Pump—Probe MeasurementsFigure 3 shows the pump acid concentrations the ion-pair population is almost constant

probe signal of HPTS in aqueous solutions of various concen- over time. At very high acid concentratiors¥ 1 M), the ion-

trations of HCIQ. The sample was excited by the SHG of a pair concentration is time independent for times longer than 5

mode-locked Ti:sapphire laser withi2 4J 395 nm, 1 kHz pulses.  ps but its amplitude decreases as the acid concentration

The sample was probed at 540 nm where the stimulated emissiorincreases.

of the RO" band contributes to the signal. In aqueous solutions,  Time-Resolved EmissionFigure 5a shows the time-resolved

the signal is positive at short times and negative at times longer o mission of the ROH of HPTS measured at 435 nm by the

than_5_0 ps. Theltime windowinth_is exrf)eriment i_s quiftehnarrow, TCSPC technique. Figure 5a shows several TCSPC plots of
providing us only 100 ps to examine the dynamics of the ESPT ¢ +ions with large concentrations of HGJ@cid in the range

process. The signal consists of three major time components ofOf 0—1.0 M. At low acid concentrations, the amplitude of the

.<1’ 4, and~100 ps (see Table’ D). AS. the aC|d_ concentration long tail is small and arises from the geminate recombination
increases, the long component’s relative amplitude decreases

The intermediate component amplitude of 4 ps also decrease%)rocess only. Each of the plots shows biphasic decay with a

. : L - ast decaying component which has a time constant of about
in solutions of acid with concentrations larger than 0.5 M. The 100 ps at low acid concentrations and shorter time constants at
amplitude of the fast<1 ps, component is unaffected by the P

acid concentration. excibite a low exponentally decaying tal with & ime constant
Figure 4 shows the pumiprobe signal probed at 430 nm of P y ying

. X >N . that is about the excited-state lifetime of both the ROH* and
HPTS in aqueous solutions containing large concentrations of , =~ =" A in the figure. the larger the acid
acids. At 430 nm, the protonated form, ROH, emission band is RO™ 7 =.5 ns. As seen in flgure, ger. .
strong and hence the stimulated emission of the ROH contributesconf:entra“on’ the larger the amplltude of the Iong tl_me tail.
a major portion to the pumpprobe signal. The signal at 430 Figure 5b shows plots of the time-resolved emission of th_e
nm is inverted in its sign to the signal measured at 540 nm. RO, the conjugated base of HPTS measured at 520 nm in
Both 430 and 530 nm pumiprobe signals consist of the same the presence of HCIDIn the concentration range 0.174.0
three time components mentioned above with similar relative M- As seen in the plots, the rise-time of the signal is relatively
amplitudes to those observed in Figure 3 (see Table 2). As thelong for low-acid concentrations while, for high acid concentra-
acid concentration increases, the intermediate and long com-tions, the signal rise-time is faster and depends on the acid
ponent amplitudes decrease. We will use our extended ESPTconcentration. For comparison we also show the signal of HPTS
model to fit the pump-probe signals at 430 and 540 nm. The at low acid concentrations (pH 5) and a basic solution (pH 9),
intermediate time-component in the signal is attributed to the where the excitation is exclusively of the ROspecies,
dissociation of the ROH* to form the contact ion-pair that (pKiHPTS) = 7.7). For basic pH, the rise-time of the
subsequently further evolves to form a separated ion-pair. Fromfluorescence signal~30 ps) arises from the limited time
the model calculations the transient concentration of the ion- resolution of the TCSPC technique.
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1.0 transfer rate constant, to form the ion-pkisr, is independent
of the acid presence, while the pseudo-first-order proton
0.8- recombination rate constatt,, depends on the acid concentra-
s tion. In the pump-probe experiments, we found that, as the
§ acid concentration increases, the amplitude of both the long-
g 0.6 time and intermediate time components decreases. The time
= dependence concentrations of A, B and C depend on the rate
2 044 constants. As the acid concentration increases, it modifies the
= recombination rate constarksandk’,. We used concentration-
§ dependent rate constakécy+) andk';(cqt). Although the rate
Z 0.2 neutral constants of the ABC model are of the first order, we modify
them to be pseudo first order depending linearly on the acid
0.0 ] : i : : concentration. We used the following expressions for the
a 0 200 400 600 800 1000 recombination rate constants:
Time [ps]
10- k(Cue) =k + k(G IH'] (2a)
1 k'(Cys) =K'+ k(Cye) (2b)
0.8

The line of reasoning for these expressions is given in
Appendices A and B.

For the recombination step of a homogeneous proton with a
free excited conjugated base RCio form a contact ion-pair

0.6+

0.4 1
ok
H"+RO* ==RO *-H"
ket

Normalized Fluorescence

Normalized Flurorescence

we usedk, = k& + ki(cqt), and confirmed Weller&value
ke(CHt) = 5 x 10*° M~1 s71 for the second-order rate constant
for excited-state recombination of R®with homogeneous
protons at low acid concentrationk¢(cy+) depends on the
proton diffusion constant and the screening of the Coulomb
potential between reactive protons and RRY other ions in
the solution. Thusk.(cy*) decreases as the acid concentration
increases (see Appendix B), akil~ 2 x 10° s~ is determined
from the probability of a geminate proton to recombine to form
ROH* in neutral pH solutions. The rate was also computed in
our previous papét (ker ~ (2 & 1) x 10° s71).

Short-Time. Figure 6a shows the plot of the ABC model
calculation in a neutral pH solution of [Athe protonated form
([B]: + [C]y), the combined contribution of RG-+-H;O" and
RO * as well as the separate contributions of [ O *---H:0™)

Analysis of the Acid Effect on Time-Resolved Pump- and [C] (RO ™) as a function of time. The rate constants chosen
Probe Experiments.We used the ABC kinetic model (eqs al for the plots of Figure 6a are those that best fit the pump
and a2 of appendix A) and the complex expression for the probe signal as well as the TCSPC signals of both ROH and
pump—probe signal (eq 3, parts a and b) to fit the experimental RO~ fluorescence. In Figure 6a, we clearly see the nature of
pump-probe signals of HPTS probed at 540 and 430 nm in the two reactive step model. The ROH band decays in two
aqueous solutions in the presence of a large concentration ofphases-a short one of about 4 ps with an amplitude of about

l‘)ll 34567 89101112131415
Time [ns]

T T T T T T M T T T T T
0 20 40 60 80 100 120 140 160 180 200
Time [ps]

b

Figure 5. TCSPC time-resolved emission of HPTS solutions with
concentrations of HCIQacid in the range of €1.0 M along with
computer fits according to the ABC model. (a) Fluorescence was
measured near the peak of the ROH band at 435 nm. Acid concentra-
tions, top to bottom: 1 M; 0.8 M; 0.4 M; 0.29 M; 0.17 M; neutral. (b)
Fluorescence was measured near the  Rf@ak at 520 nm. Acid
concentrations: 1 M; 0.4 M; 0.17 M; neutral and basic. Inset:
fluorescence of RO peak measured at 520 nm of neutral and basic
solutions.

Discussion

strong acids.
Equation al, parte. —y, of Appendix A provides the time-
dependent concentrations of ROH, R@-H3;0", and RO

0.3 and a long time component of about 100 ps with amplitude
of 0.7. The combined population of the RG--H3;0" and RO*
signals increases in two phaseme of about 4 ps and the other

according to Scheme 2 of the extended model. The ABC kinetic of 100 ps.

model assumes that all the rate constants are of the first order. Parts b-d of Figure 6 show similar plots of the transient
The probability for a proton to recombine with the deprotonated concentration of ROH, RG ---H;O™, and RO™ in the presence
form RO~ and regenerate the reactant excited-state ROH* of 0.5, 1, anl 2 M of acid, respectively. As the acid concentra-
increases for high acid concentrations. Also, the probability to tion increases, the transient ROH* population, [RQHlfgaches
find an ion-pair RO*---H3O™ increases, and hence the recom- a long tail due to efficient proton recombination. The relative
bination rate of ion pairs to form ROH also increases. Thus, amplitude of the long tail increases with acid concentration. The
the excess proton concentration modifies the recombination ratetime-integrated population of the free conjugated base RO
constants; andk’, of the ABC model that is used in the fit of decreases as the acid concentration increases. The rise-time of
the pump-probe signal. There are four rate constants in the RO~ and the decay time of ROH decrease as the acid
ABC kinetic model used to describe the short-time window of concentration increases. The decay time of the ion pair popula-
the pump-probe signal. The first step of the ROH dissociation tion, [RO*---H30*];, to form free RO, increases as the acid

is described by the forward and back recombination rate concentration increases. At abooiiq = 0.5 M, the time
constantk'pt andk', respectively. We assume that the proton- dependence of the population [R8--H30"]; is quasi-constant
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Figure 6. Plot of the ABC model calculation of the protonated form [ROHte combined contribution of RO---H;O" and RO* as well as

the separate contributions of [R©®--H;0]; and [RO*]; as a function of
20M

and decays with the same rate as the excited stat® ns. As

time, for several acid concentration: (a) 0 M; (b) 0.5 M; (c) 1.0 M; (d)

ROH RO --H

a g

~H

RO~ and ROH. ", andct® 1" are the time-

the acid concentration further increases, the intermediate contactiependent concentrations of the acid form, the contact ion-pair

ion-pair time-integrated concentration decreases. At 2 M, the
population fraction decreases from about 0.25 for a neutral
solution to about 0.1.

The pump-probe signal of HPTSmeasured at 540 nm, in
neutral water is approximated by superposition of the ROH
absorption, from its first excited state to higher excited states,
and the stimulated emission of the ROH form and the R&om.

In the spectral rangéd > 500 nm, the contribution of the
emission of the ROH is small and the absorption of R@ a
higher excited state is also small. The pungpobe signal
measured at a specific wavelengthn the long wavelength
520-600 nm range can be approximated by

PPS(t) O a, 0(A)5 4 f —

by o526 [F™ + O] + cilexp(—ky ] (3a)

The pump-probe signal measured at 430 nm the signal is given
by

PPS(t) 0 8, 0(A) s [ ™™ + ¢ ] -

byro(A)g st — clexp(—kyb] (3b)
wherea, b, and ¢ are adjustable amplitudes ar(d)5 ¢ and

a(2)s”s, the absorption cross sections for the excited-state

absorption of ROH or RO'o higher excited states(1)5 ¢,
ando(l)gffso are the emission cross sections fr@n— & for

and the solvated ion-pair, respectively. The tefexp(—kat)]
probably arises from the solvation dynamics of the reactants
and products or vibration energy redistribution and subsequent
cooling of the ROH. These processes were also observed in
previous studie?11.32

The main achievement in this paper is shown in Figure 7,
parts a and b. Figure 7a shows the experimental ptpnpbe
results of acid solutions of HPTS probed at 540 nm along with
the fit of the signal by the extended ESPT model and the time-
dependent concentrations calculated by the ABC kinetic model.
As seen in Figure 7a, the model fit is rather good for all acid
concentrations. Figure 7b shows the purmpobe signal probed
at 430 nm along with the model fit. Also, in this case, we are
able to fit the signals at all acid concentrations. Table 1 gives
the model fitting rate constants of the various purppobe
signals measured at several acid concentrations and probed at
540 nm. The recombination rate constants of eq 3 depend on
the acid concentration according to eq 2. The calculated pump
probe signal amplitudes of eq 3a ae= 1, by = 1.65, andc;
= 0.3. Table 2 contains the model fitting amplitudes for the
pump—probe signal, probed at 430 nm. The pungsobe
parameters of eq 3b ae = 1, b, = 2.6, andc; = 0.6.

Long-Time Fluorescence Measurement®arts a and b of
Figure 5 show the plots of the computer fits 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
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pair we dealt with in the extended model. The kinetics of the
reversible dissociation of HPTS can be described by a simple
AB dissociation kinetic mode® Consider a photoacid (ROH*),
dissociating in a single step (rate coefficiég) to produce the
excited conjugate base (R€). The latter, in turn, may associate
bimolecularly with a proton (rate coefficiekt) to regenerate
the excited acid.

When protons are in great excesss [H*] > [ROH*], and
the pseudo-unimolecular recombination rate coefficiertkis
In the case of HPTS, the lifetimes of the acid and base are almost
equal (1ky = 1/ K¢), the reaction is equivalent to AB=>
A + B, when we set [AB]= [ROH*]exp(kst) and [A] =
[RO*lexp(kqt). For high acid concentrations & 0.5 M), we

1.0 PROBE 540nm

Pump-Probe Signal

a can neglect first-order approximation diffusional effects. From
Time [ps] simple chemical kinetics with no diffusional effects, the time
08 dependence of the relative concentration of the acid, given that
PROBE 430nm 2o initially (t = 0) only ROH has been excited, is given by
0.6 .
0.4- M [ROH(1) _  e™  _ercir
5 02 [ROHY(0) 1+ cKyg® tekd  (49)
2 00] b —x %
2 2] M [ROﬁ 1(1) _q1— [ROH*](1) (4b)
£ [RO™*](0) [ROH](0)
£ -0.4-
£ 06 Here, Keqis the excited-state quasi-equilibrium coefficient given
08 by Keq= ka/ks. The above solution starts from unity and decays
: to the equilibrium distribution, Ke(/(1 + cKeg), multiplied by
04 , , N the excited-state decay function, exjt). While the ROH*
b 0 20 40 60 80 100 concentration decays biexponentially, the approach of

Time [ps] [ROH*] nyexpkot) to equilibrium is a single exponential,

Figure 7. Experimental pumpprobe results of acid solutions of HPTS ~ 8XPI(-1 + CKegkdt]. This solution is at odds with the exact
along with the fit of the signal by the ABC model: (a) probing at 540 asymptotic solution for reversible diffusion-influenced reactions

nm; (b) probing at 430 nm. at long-times, and even with approximate solutions for the short/
intermediate-time behavige.
since the lifetime of ROH and ROare similar,z; ~ 5.0 ns. We used eq 4, parts a and b, to fit the “acid” effect on the

We multiplied the populations in eq 1 of appendix A by time-resolved experimental results measured by either the
exp(—t/z;). The signal of the ROH fluorescence does not show TCSPC time-resolved emission or the pungpobe technique.
the short time small amplitude component of about 4 ps In general, the fit of the long time measured by TCSPC
observed in the experimental pumprobe signal in Figures 3 fluorescence is good while the fit of the short time punppobe
and 4 and the computed signal in Figure 7. The rise-time of measurements is poor. Figure 8a shows the TCSPC ROH time-
RO~ of the time-resolved fluorescence signal shows a fast resolved emission of HPTS in solutions containing large
component with amplitude of about 0.2 and a long component concentrations of acid, along with the computer fit using eq
of amplitude 0.8 with a rise-time of about 100 ps. The fast 4a. In the fitting shown in Figure 8, the forward rate constant
component of the RO rise-time cannot be resolved in time kg = 10'° s™* was independent of the acid concentration. The
due to the 35 ps system response. The overall effect of the slowrecombination rate constari,, was concentration dependent.
response of the TCSPC is that the short time component islt decreases with acid concentration. In a more realistic model,
totally missing in the time-resolved ROH emission measurement the recombination of a proton with ROdepends on the
while the RO signal has an immediate rise-time with an diffusion constant and the Coulomb potential between the
amplitude of about 0.2. As seen in Figure 5a, the short time charged particlesk, was calculated by eq b4 in Appendix B
component of the ROH decay is absent in the experimental and accounts for the diffusion and ion-screening effects. The
TCSPC signal as well as the convoluted computer fit. Figure effective recombination reaction rate constant used to fit the
5b shows the computer fit to the RGignal measured at 520  experimental data for low acid concentratiokg= 5 x 10
nm. The rise-time of the ROIs biphasic with short and long- M~1s™%, reduces to about 1.2 10" M~ s ! at a concentration
time components. The fit of the computed signal to the of about 1 M. The relative amplitude of the fluorescence long
experimental ROH is only good for short times since the ABC tail seen in the TCSPC signal of ROH (Figure 8a) depends on
cannot accurately reproduce the long time nonexponential the acid concentration and rate constdgtandka,. As seen in
fluorescence decay arising from the diffusion assisted geminateFigure 8a, the larger the acid concentration the larger the
recombination step. amplitude of the long time tail. Using a concentration- dependent
Simple AB Dissociation Kinetic Model. To check the recombination rate constar, to fit the experimental results
necessity to invoke an extended ESPT model that includes thegives a rather good fit.
contact ion-pair intermediate, we also compared the experi- Figure 8b shows the time-resolved emission of HPTS in an
mental results with a simpler model that includes only a single aqueous solution containing various amounts of acid measured
reactive kinetic step (see Scheme 3). The model does not includeat 520 nm, near the peak of the ROband, along with the
an intermediate step and an intermediate species like the ion-computer fit using the simple AB kinetic model. As seen in the
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Figure 8. TCSPC time-resolved emission of HPTS in solutions
containing large concentrations of acids, along with the simple AB
kinetic model computer fit (see text): (a) ROH measured at 435 nm;
(b) RO~ measured at 520 nm.
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Figure 9. Pump-probe signal of HPTS in a solution containing a strong
acid along with a fit using the simple AB kinetic model. Note the large
difference between model calculation and experimental results.

figure the fits are rather poor. The rise-time of the model
calculation is slower than the experimental results in which the
growth time of the emission signal is faster for all acid

J. Phys. Chem. A, Vol. 109, No. 42, 2008681

1.0
0.8 1
0.6 —
0.4 —

1| M
0.2 1

Pump- Probe Signal

0.0

-0.24

T T T T T

20 40 60 80
Time [ps]

Figure 10. Pump-probe signal (probed at 540 nm) of HPTS in a
neutral pH solution (pHv 5) in the presence of various amounts of
NaCl salt.
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the ion-pair is generated within an ultrafast period of about 4
ps and subsequently converts to free RO

The simple kinetic model shown in Scheme 3 can also be
used to calculate the short-time window measured by the pump
probe signal of HPTS solutions that contain large acid concen-
trations. The pumpprobe signal measured at 540 or 430 nm
consists of three time components, shottlps), long ¢100
ps), and intermediate (about 4 ps).

As seen in Figures 3 and 4, when the acid concentration
exceedsc > 0.25 M, the pump-probe signals, which cover
only the first 100 ps, depend on the acid concentration. The
pump—probe signals amplitudes of both the long and intermedi-
ate time components decrease with increasing acid concentra-
tion. At abou 3 M of HCIO,, the long component seems to
almost disappear and the intermediate component amplitude
decreases by more than a factor of 2. As seen in parts a and b
of Figure 8, we were able to fit the experimental pungpobe
signals by the extended ESPT model where the transient
concentrations are calculated by the ABC kinetic model, taking
into account the pseudo-first-order nature of the recombination
rate constants. For high acid concentrations, the value of the
recombination rate constants increases, and hence the ROH*
concentration increases and the free R€&ncentration de-
creases. For high acid concentrations, the intermediate species,
the contact ion- pair concentration, also decreases with the
increase in acid concentration. The simple kinetic model, shown
in Scheme 3, does not include an intermediate contact ion-pair.
Thus, changes in the ROconcentration directly affect the
photoacid ROH concentration.

To fit the short-time pumpprobe signal of a neutral pH
HPTS solution with the simple AB kinetic model, we added to
eg 3 an additional time component of about 4 ps to account
for the intermediate time component with an amplitude of about
0.3 observed in HPTS in a neutral pH solution. The intermediate

concentrations. In the calculation, we added a component totime component of-4 ps seen in Figure 3 can be explained by

the RO TCSPC signal, with an amplitude of 0.12, of the ROH

relating it to a relatively long time solvation process. This

signal instrument response to account for the overlap betweenrelatively long time component contradicts the common knowl-

the ROH and RO bands at 520 nré? The reason for the

edge that the longest solvation component of water is about 1

mismatch between the calculated signal and the experimentalps. It was observed in several solvation studies of dye molecules
results lies in the fact that the model does not account for a in water.

population of about 0.22 of the intermediate species, the ion-

pair, as mentioned above. According to the extended model,

Figure 9 shows an attempt to fit, using the simple AB kinetic
model, the pumpprobe HPTS signal in acid solutions. The
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signal of a 0.25 M acid solution was successfully fit using of 14
eq 4, parts a and b, to calculate the photoacid ROH* and the
conjugate base RO time-dependent concentrations and the
expression given by eq 3 for the complex contributions of the
pump—probe signal. The short time and intermediate time
components are added to all the calculations with the same
amplitudes and time constants of the fit of the 0.25 M acid
solution.

Using eq 4, parts a and b, to calculate the ROH* and RO
concentrations as a function of HGJ@oncentration fails to fit
the pump-probe signals, as clearly seen in Figure 9. The model
takes into account the decrease of the long-time amplitude of
the pump-probe signal arising from the proton dissociation that
takes about 100 ps. The long time component amplitude
reduction with the increase of the acid concentration seen in
the AB model calculation arises from the proton recombination
process for which the termek, (see eq 4a) andKeq increase
linearly with acid concentration. It cannot explain the experi-
mental results seen in Figure 9 showing that as the acid
concentration increases the amplitude of the intermediate
component decreases. We conclude that the simple AB kinetic
model cannot account for the decrease in the amplitude of the
intermediate time component of 4 ps with the increase in the
acid concentration. The kinetic ABC and extended ESPT
models-based transient concentration calculation accounts for
the acid effect at both short and long times.

A plausible explanation of part of the strong acid is high
concentration effect on the HPTS experimental results may arise
from a total different origin-the kinetic salt effect known to
influence the kinetics between ions. As a control and comple-
mentary experiment, we measured the signals of HPTS in the )
presence of large concentrations of a univalent salt. In the nextFigure 11. TCSPC time-resolved fluorescence of HPTS: (a) ROH
subsection, we discuss the results of the “salt” effect on the M measured at 435 nm; (b) R@mission measured at 520 nm in

. . a solution containing a large amount of NacCl.
pump—probe HPTS signal as well as the TCSPC time-resolved
emission. We added a large concentration of inert salt to the arises from the “salt” effect. The results shown in Figures 3
HPTS solution. As will be seen in the next subsection, the and 4 clearly indicate that the “acid effect” is a genuine effect
pump-probe signal preserves its shape at all salt concentrationsOf an excess proton on the transient concentration of the
in the range of 0.1< ¢ < 2 M. intermediate species and the concentrations of both ROH and

The “Salt” Effect. The “acid” effect is accompanied by an  free RO".
additional “salt” effect that complicates the analysis of the  Parts a and b of Figure 11 show the TCSPC time-resolved
experimental data. Strong acids in aqueous solutions dissociatdluorescence of ROH and RGemission measured at 435 and
to form ions. A large ion concentration modifies the Coulomb 520 nm respectively in a neutral pH solution containing a large

potential between the ROand excess protons. We used the amountof NaCl. As seen in Figure 11a, in the presence of NaCl,
Debye-Hiickel screened Coulomb potenl the time-resolved ROH emission decays almost exponentially

and the long tail is missing. This is explained by the large
electrostatic screening of the Coulomb attraction due to the
presence of the salt in the solution. The Debye radius of HPTS
RO~ in water is 28 A. The Coulomb screening by ions reduces
the attractive effective potential to such short distances that
basically the effective electric attractive potential between the
RO~ and the proton reduces to zero. An important conclusion
from the almost identical initial slopes of the fluorescence curves
of the ROH signal seen in Figure 11a is that the overall proton
transfer rate constant is only slightly reduced as the salt
concentration increases. This fact confirms the small effect of
the NaCl concentration on pumprobe signals as shown in
Figure 10.

Figure 10 shows the pumyprobe signal probed at 540 nm To summarize the “salt” effect results, the experimental
of HPTS in a neutral pH solution (pkr 5) in the presence of  measurements of the “salt” effect show that even large
various amounts of NaCl salt. As seen in the figure, even large concentrations of NaCl (up to 2 M) only slightly modify the
concentrations of salt (2 M) have only a small effect on the pump-probe signal and hence the proton-transfer rate constants
pump—probe signal. This observation is in contrast to the large involved in the dissociation process of HPTS are almost
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with an adjustable DebyeHuckel parametelpy. likpy is the
radius of the “ionic atmosphere”. For a univalent electrolyte,
kpn = Bc2where for waterB = 0.33 M~Y2 |onic interaction
also leads to a decrease in the diffusion coefficient of ions with
increasing ionic strengtt. We previously detected this effect
experimentally for proton geminate recombination with the RO
of HPTS in a neutral pH solution when an inert salt was
introducec?®

effect observed on the pumiprobe signal in the presence of a
high concentration of HCIQ Thus, we exclude the possible
interpretation that the “acid” effect on the pumprobe data

independent of the salt concentration. In contrast, the long-time,
t > 100 ps, geminate recombination rate between the proton
and RO is strongly affected by the Coulomb screening. At
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long times and large salt concentrations>( 1 M), the proton steady-state and time-dependent techniques in the presence of

recombination probability decreases dramatically. The main large concentrations of strong acids. We found that large

result that concerns the extended model is that salt does notconcentrations of acids, > 0.25 M, reduces the amplitude of

affect the intermediate time component of the pumpobe the intermediate short time component of about 4 ps observed

signal, in contrast to the acid effect, in which large concentra- in the pump-probe signals. We successfully fit the experimental

tions of acid reduce the intermediate component amplitude to results with the extended model that includes the acid concen-

zero. tration. The acid concentration modifies, in a consistent manner,
Steady-State Measurements.To calculate the relative  the recombination rate constants of the excess proton with RO

steady-state time integrated emission intensities of ROH andto form the reaction intermediate, the contact ion-pair, and the

RO as a function of the HCl@concentration shown in Figure  photoacid (ROH¥).

2, we integrate the time dependent concentration of the ROH,

RO +++Hs0" and RO given in eq ait—aly in Appendix A. Acknowledgment. This work was supported by grants from

We used the ABC model to calculate the relative concentrations the Binational US-Israel Science Foundation, and the James

of the ROH, the intermediate species R®-HzO*, and the Franck Germartisrael Program in LasetMatter Interaction.

free conjugate base R® At small acid concentrationsc(< )

0.1 M), the steady-state emission of R@rises from a large ~ APpendix A

contribution of the Iong-lived free ROand a small contribution We used a Simp|e kinetic modéto d|sp|ay the main features

of the short-lived intermediate the ion-pair. As the acid of the extended model for the ESPT process:

concentration increases, the population shifts from the free RO

toward the photoacid ROH. Also the effective lifetime of the

intermediate RO---H3;O™ time-dependent concentration in-

creases as the acid concentration increases. As the acid

concentration increases, the value of the two recombination ratewhere A denotes the excited photoacid ROH*, B the ion-pair

constants of the ABC modek, andk;, increase. The details of RO ++*H30*, and C the free diffusing RO form and the

the time dependence concentrations and the dependence of thgeparated ion-pair.

recombination rate constants on the acid concentration are given We successfully used the kinetic ABC model to fit the

in Appendix A. Figure 2 shows the experimenta| relative experimental data of HPTS in a neutral pH agueous soldfion.

emission intensities of ROH and R@symbols) as a function  In this study, we found that the model can successfully be used

of the acid concentration along with the calculation using the to explain the effect of an acid on the complex dynamics of the

ABC model of the time integrated combined R@mission dissociation of HPTS. The time-dependent concentrations of A,

intensity and that of the ROH. B, and C are given by egs a1y, respectively.
We also plotted the relative emission intensities of the contact Al =

ion-pair RO™---H* and the free RO. As seen in the figure, the t

fit of the experimental signal by the ABC model is rather good. Kk [r2—y,K, +kort+k)+Kk

For pH < 4, the relative ROH emission is about 0.035 and the [Alo V.Y + (. — 7.)

RO~ ~ 0.97. If we exclude the recombination probability, the 172 ENEIRE

relative fluorescence of the ROH is ondy = kprz ~ 0.019. (sz = 72K, + Kor + k) + K K

v2v2 = 71

K k
A(ROH) == B(RO *+*H,0") == C(RO* + H,0")

et 4

ot
The relatively large value of the ROH emissidn= 0.035 in e 7| (alo)

solution of 6 > pH > 4 arises from the large geminate

recombination probability of the positive protong®f, with [B],=

negatively quadruple charged RQAs the acid concentration i K, ( Kor — 71 ) : ( k =y, )] .
V1 V2

increases, the ROH population increases whereas the RO Kp[A]
decreases. The rate of population change increases at acid 7172 \ra(vs = 72) Yoy =71
concentrations of about 0.1 M. At 0.1 M, the pseudo-first-order (@1B)
recombination rate constakt = k[H3O0"], wherek, = 5 x [C], =
10 M~1 s1 and thusk, = 5 x 10° s'L. This large value ! )

competes with the dissociation rate constast= 1019s™! to K prkorlAl 1 + ( 1 )e‘l’lt + (;)e‘l’zt
repopulate ROH and hence decrease the B@ission intensity. V172 \valya = 72) v2Y2 = 71

The ion-pair time integrated concentration increases only at high (aly)
acid concentrations and reaches a maximum value of about 0.2

at abow 1 M acid. As the acid concentration further increases, Where

both the ion-pair concentration and the free R@&crease, and (~(Kpp+ kor + K+ k) + A

the emission signal mainly arises from the ROH band. v, = 5 (a20)
Conclusions (—(Kpr+ Kor + K, + k) — A
. =— a
On the basis of pumpprobe measurements of both the ROH V2 2 (@%p)

and RO signals, we developed an extended model for
intermolecular excited-state proton transfer (ESPT) to the andA = \/ (K oKt K 4K )2 — 4K prkortK K +K ok ).

solvent3° The model includes two reactive steps followed by a  In the pump-probe experiments, we found that, as the acid
diffusion-assisted step. The model accounts for the biphasic concentration increases, the amplitude of both the long-time and
decay of the pumpprobe signals at 526580 nm (the RO intermediate time components decreases. The time dependence
emission band) and at the ROH emission band at about 430concentrations of A, B, and C depend on the rate constants. As
nm. In this study, we tested the model by measuring the “acid” the acid concentration increases, it modifies the recombination
effect. We measured the HPTS emission and absorption byrate constantk andk',. We used concentration-dependent rate
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constants(cy+) and K'((cy*). Although the rate constants of
the ABC model are of the first order, we modify them to be

pseudo first order depending linearly on the acid concentration.

We used the following expressions for the recombination rate
constants:

k(Cr) =k + k(G )[H']
kf'(CH+) = kr' + kr(CH+)

(a3a)
(@3%)

The line of reasoning for these expressions is given in Appendix

B. The diffusion-controlled rate constant for a proton to
recombine with an anion with = —4 and a Debye radius of
28 A is about 2x 10 M~1 s7L The intrinsic recombination
rate constanty, is smaller and was found to bex5101° M1

sL k(cy) is a diffusion-assisted binary reaction rate constant.

The proton diffusion and the attractive potential are concentra-
tion dependent and thus also modify the overall recombination

rate constark, as a function of acid concentration in this simple
model. k.(cy) is calculated using a diffusion influenced bi-
molecular reaction based theory. The highlights of such an
approximated expression derivation kfcyt) are given in
Appendix B.

Appendix B

As a first-order approximation of the dependencekobn
the acid concentration, we used the long-time asymptotic

expression for the rate-constant derived for the bimolecular

irreversible diffusion-influenced reaction. Bimolecular irrevers-

ible diffusion influenced reactions between donors and acceptors,
in the pseudo-unimolecular limit when one reactant is in excess,

are the subject of the celebrated “Smoluchowski theéfyh
the limit that the donor is static, this theory is exact. For zero
potential, U(r) = 0, it is possible to solve the Debye

Gepshtein et al.

screened Coulomb potenfi&l

— Ry explrpy(r — 8]
r(1+ kpud)

V(r) = (b5)

wherexpy is the Debye-Hiickel parameter. &by is the radius

of the “ionic atmosphere”. For a univalent electrolyigy =
BCY2 where for waterB = 0.33 M2, lonic interaction also
leads to a decrease in the diffusion coefficient of ions with
increasing ionic strength.We previously detected this effect
experimentally for proton geminate recombination with RO
of HPTS in a neutral pH solution when an inert salt was
introduced?® We used the long-timk(w) expression, given by
eq b4 in the calculation df; in the ABC kinetic model.
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