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Time-resolved emission and steady-state fluorescence techniques are used to study the excited-state
intermolecular proton transfer from 8-hydroxypyrene-1,3,6-trisulfonate (HPTS or pyranine) to water in the
presence of inert salts, NaCl and MgCAt low salt concentrations, up to about 0.5 M Mg®©t about 0.8

M NacCl, the time-resolved emission of both the photoacid and conjugate base can be quantitatively fitted by
our diffusion-assisted geminate recombination model. In this concentration range, the proton transfer and
geminate recombination rate constants are almost independent of the salt concentrations whereas the proton
diffusion constant decreases as the salt concentration increases. At higher salt concentrations, the proton-
transfer rate constant decreases while the recombination rate constant increases slightly. For the saturated
solution of MgC} (abou 5 M at room temperature), the steady-state emission consists of only a single band

of the protonated photoacid. Careful examination of the time-resolved emission of HPTS in the presence of
a large concentration of Mg&shows that the quality of the fit to the geminate recombination model is rather
poor and we fail to find adjustable parameters for a good quality fitting. For this large concentration range
of MgCl, we were able to get a good fit of the experimental data with a model based on a distribution of
proton-transfer rates. The model is consistent with an inhomogeneous water environment next to the excited
HPTS molecule in such concentrated solutions.

Introduction (HPTS or pyranine) is a photoacid commonly used in the study
of the ESPT proces§ 1" The RO form is quadruply negatively
charged. Thus, the reversible geminate recombination process
is strongly enhanced relative to a singly charged photoacid like
2-naphthol. The proton-transfer rate could be determined by
either the initial decay time of the time-resolved fluorescence
of the protonated form (ROH) measured at 440 nm or the slow
rise time of the emission of the deprotonated species |R®D

Proton-transfer reactions are ubiquitous in chemical and
biological processes:* Over the last two decades, intermo-
lecular 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

. . : about 520 nm.
organic molecules are irradiated by short (femtosecond- .
picosecond) laser pulsé:15 Consequently, the excited-state Over the past decade we used a model for an intermolecular
molecules dissociate very rapidly by transferring a proton to a ESPT process that accounts for the geminate recombination of
nearby solvent molecule. 8-Hydroxypyrene-1,3,6-trisulfonate the transferred proton. In this model, the overall dissociation
process can be subdivided into the two consecutive steps of
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formed. This is followed by a diffusive stage, when the two solutions. The main finding of this study is that at high
ions withdraw from each other due to their thermal random concentrations of MgGJ ¢ > 2 M the time-resolved fluores-
motion. The reverse process is geminate recombination (neu-cence decay of the photoacid, ROH, is nonexponential even at
tralization) of the two separated ions either by the direct collapse much shorter times than the inverse of the proton-transfer rate,
of the ion pair or by following a geminate reencounter of the t < 1/kgy, whereky is the proton-transfer rate constant. Over this
solvated “free” ions. short time range the reversible geminate recombination model

The effect of an inert salt (NaNgat low concentrations on ~ Predicts a nearly exponential decay, especially when the
the time-resolved emission of the ROH band of HPTS was Coulomb potential is almost totally screened by the salt ions.
studied by Agmon et @8 The experimental results were We explained the surprising experimental findings by the
quantitatively compared with the reversible geminate recom- Proton-transfer rate in a concentrated salt solution not having a
bination model. We used the DebyHliickel screened Coulomb single value (exponential decay) but rather a distribution of rates
potential to account for the salt screening effect. The proton- arising from the distribution of the microenvironment next to
transfer rate and the geminate recombination rate were nearlytheé HPTS and hence the measured proton-transfer rate is
independent of the salt concentration up to a concentration of Nonexponential.
about 160 mM.

Two decades ago we studied the rate of proton transfer from
photoacids to the solvent in concentrated aqueous solutierts (1 Time-resolved fluorescence was acquired using the time-
M) of strong electrolyte’§ (LiBr, LiClO 4, NaCl, NaClO, KCl, correlated single-photon counting (TCSPC) technique, the
MgCl,, Mg(ClO,),. The rate of dissociation decreases upon method of choice when sensitivity, large dynamic range and
increasing the concentration of the salt. Results obtained with low intensity illumination are important criteria in fluorescence
different salts fit a single straight line when the log of the rate decay measurements.
constant is drawn vs the log of water activity. It was propé%ed For excitation, we used a cavity dumped Ti:sapphire femto-
that the rate of proton dissociation is related to the free energy second laser, Mira, Coherent, which provides short, 80 fs, pulses
of proton hydrate formation. Pines et*found, for a series of ~ of variable repetition rate, operating at the SHG frequency, over
photoacids, a free energy relation between the logarithm of thethe spectral range of 38400 nm with the relatively low
proton-transfer rate constant and the free energy of the-acid repetition rate of 500 kHz. The TCSPC detection system is based
base reaction in the excited stak*. A simple explanation on a Hamamatsu 3809U, photomultiplier and Edinburgh Instru-
of the large decrease in the proton-transfer rate in a large saltments TCC 900 computer module for TCSPC. The overall
concentration solution is thAG increase of the reaction as a instrumental response was about 35 ps (fwhm). Measurements
function of the salt concentration. The increasé{® may arise were taken at 10 nm spectral width. The excitation pulse energy
from the decrease of the proton hydrate complex number in was reduced by neutral density filters to about 10 pJ. We
the concentrated salt solution. The minimum number of hydra- checked the sample’s absorption prior to and after time-resolved
tion of ions, including that of the proton, was deduced by Hasted measurements. We could not find noticeable changes in the
and co-worker¥ from the dielectric constant depression. The absorption spectra due to sample irradiation.
hydration number of M§" , H" and N& are 14, 10 and 4, Steady-state fluorescence spectra were taken using a Fluo-
respectively. Kebarf® measured the clustering of water mol- roMax (Jobin Yvon) spectrofluorimeter. The HPTS, of laser
ecules around free protons in the gas phase. They found thaigrade was purchased from Kodak or Aldrich. Mg@hd NacCl
the hydration enthalpy increases with the increasing in the cluster(analytical grade) were purchased from Aldrich. Perchloric acid,
number. Thus, we expect that smalt ldlusters are less stable ~ 70% reagent grade was purchased from Aldrich. For steady-
and, as a consequence, thé of the ESPT reaction in a small ~ state fluorescence measurements we used solutions2 ok
proton hydrate will increase and hence the rate constant of ESPT10 > M of HPTS.
will be smaller. In a concentrated magnesium salt aqueous Reversible Diffusion-Influenced Two Step Proton-Trans-
solution the fraction of free water versus the fraction of water fer Model. The model is based on a Smoluchowski-level
bound to M@* decreases as the salt concentration increases.approach for the relative diffusive motion of the geminate
The net result of a large concentration of Mds smaller H proton—anion pairt’ The separated pair at time p(r.t) is
water complexes. assumed to obey a spherically symmetric Deb$eoluchowski

In this study we follow our pioneering work of the salt effect €duation (DSE) in three dimensions, which is coupled to a
on the ESPT process in aqueous concentrated salt solution&inetic equation for the ROH probability(t)
conducted more than two decades &ydhe new aspects of
this work are the use of the reversible geminate recombination 9P(".{) _ r—zﬂDrze—V(r)ﬁeV(r) — klp(rt) +
model for data analysis and the use of the time-correlated single ot ar ar '
photon counting technique to measure the time-resolved emis- or—a
sion of both the ROH and RCbands. This experimental method [kerP(D) — kap(r,t)]ﬁ (1)
provides excellent sensitivity, a large dynamic range and low
intensity illumination conditions. The photoacid is HPTS and 9
the salts are NaCl and Mg£IThe Mg?* ion has a small radius aP(t) = kprp(at) — (ky + ko)P(t) (1b)
of 0.61 A and thus has a profound effect on its close molecular

environment. The geminate recombination is given by a delta function “sink
In our previous study as well as this one, we found that the term”, kad(r — a)/(4na?). In contrast, the ROH* and RO

ESPT quantum yield drops from a value close to 1 in neat water radiative decay constantko(and k, respectively) arer-

to O for a saturated Mgghqueous solution (abbt M atroom independent. The mutual attraction of the proton and the HPTS

temperature}? For a comparison with the strong effect of kg anion is described by a distance-dependent poten{g), in

on ESPT we also measured the ESPT of HPTS in a NaCl units of the thermal energgT. In this study the ESPT process

solution, which exhibits a much milder effect even in 5.8 M is examined in the presence of large salt concentration in

Experimental Section
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aqueous solution. We therefore apply the screened Coulomb a 14
potential of Debye and Hick&l ]

_ Ro explwpu(r — )l
VN =- T 1+ kpya

)

051 _:

whereRp andkpy~ are the Debye and ionic-atmosphere radii,
respectively, and is its ionic radius.
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z = 1 andz = —4 are the charges of the proton and ; o
deprotonated HPTS, respectivedyis the electronic charge, 3 08 U A A 33M
is the static dielectric constant of the solvegtjs Boltzmann’s § N/ —---2.8M
constant] is the absolute temperature anid the concentration $ AT w25 M
of the electrolyte. é 067 i ," _fgx
The relative diffusion constanD, is the sum of the protic T ! ’

and anionic diffusion coefficients. Because the proton is = 0.4
abnormally fast, whereas the anion is bulky and slow, its § ]
diffusion coefficient may be neglected with respect to that of “ o2d
the proton. We do not employ any distance dependen in
mainly because procedures for doing so are not well-established. oo

As compared with traditional treatments of diffusion-
influenced reaction% the new aspect is the reversibility of the
reaction, described by the “back-reaction” boundary condi-
tion.17~23’24

The process we wish to consider begins upon photochemical
excitation, which prepares a thermally and vibrationally equili- plots. The parameters for the numerical solution of the DSE

g 71 1 1 1 1 T T T T
400 425 450 475 500 525 550 575 600 625 650
Wavelength [nm]

Figure 1. Steady-state emission spectra of HPTS in various concentra-
tions of inert salts: (a) NaCl; (b) Mogl

brated ROH* acidic form in the lowest electronic statge, s, were taken from the literatufé:26 The contact radiua = 6 A
the initial condition is is slightly larger than the molecule’s spherical gyration radius
N _ (4.5-5.5 A) obtained from measurements of HPTS rotation
p(*0) =1 p(r,0)=0 (4) times?’ It probably accounts for at least one layer of water

gmlecule around the HPTS anion.

Subsequently, the bound and dissociated states evolve accordin . o
The absolute fluorescence quantum yield of ROH is given

to eq 1. We solve these equations numerically using the for
solving the spherically symmetric diffusion problem (SSDP) Y
Windows applicatiorf® convolute p(*,t) with the IRF and

e
compare it with the ROH* fluorescence signal. ®(ROH*) = 7; j(‘) P(t) exp(-t/z;) dt (6)
The asymptotic expression (the long-time behavior) for the o
fluorescence of ROH* is given BY P(t) is given by
Pt =1-Q() (7)

k
[ROH*] eXp[t/f] = Eaz(exp[\/(a)])—t dr2 (5)
=3 ky(wD)*? QW) = 47 [ p(r.t) dr ®

wherer; is the excited-state lifetime of the deprotonated form
RO, d is the dimensionality of the relevant probleais the
contact radius andg and k. are the proton transfer and Parts a and b of Figure 1 show the steady-state emission of
recombination rate constants, respectively. All other symbols HPTS in water NaCl and Mgglsolutions, respectively. For
are as previously defined. Equation 5 shows that the tail large salt concentrations,> 0.5 M, the intensity of the ROH
amplitude depends on several parameters but its time depenemission band at 440 nm increases as the salt concentration
dence is a power law of time that depends on the dimensionality increases. For Mg@glat concentrations higher than= 3.2 M,
of the problem. For 3 dimensions it assumes the power law of the ROH band intensity at 440 nm is larger than the intensity
t=3/2, of the RO™ band whose peak position is at 510 nm.

kq determines the initial slope of the decay curves: the larger The radiative rates of both ROH and R@re about the
kg, the faster the initial exponential drop. The intrinsic recom- samer > 5.4 ns, and almost independent of the salt concentra-

Results

bination rate constank;, does not affect the behaviortat> 0 tion. We attribute the changes in the relative emission intensity
but determines the magnitude of the long-time tail. The effect of the ROH and RO bands of the steady-state spectra with
of increasingk; is somewhat similar to decreasiiy It differs salt concentration to the large changes in the proton-transfer

from the effect of changingp or a in the curvature of these rates at large salt concentrations especially in the case of the
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Figure 2. (a) Semi-log plot of the time-resolved emission and the ° 937 ;
computer fit using the geminate recombination model of the ROH band § K il
of HPTS in water and in a 0.145 M NaCl solution. (b) As for (a) but 2 06 /
the salt solution contains 0.045 M MgCl s 1
2 :
MgCl, solution. Whenky < kg, Wherekq is the radiative E 0.4 §
rate constant,q = 1/r), the ESPT quantum yield drops sharply g i
and the fluorescence intensity of R@iminishes drastically. S 02- *
Figure 2 shows on a semi-log plot the time-resolved emission ]
of the ROH band of HPTS in neat water and 60 mM NaCl and oo PR e Y

similar results for the MgGlsolution. The fluorescence tail
arises from the geminate recombination model. For low salt
solutions,c < 0.2 M, the intensity of the long-time fluorescence
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tail decreases sharply because the Coulomb attraction betweef;'9ure 3. Time-resolved emission of HPTS in NaCl solutions: (circles)
experimental results; (solid line) the computer fit to the geminate

RO™ and the proton is screened by the salt ions, whereas theycompination model. (a) ROH signal on a 10 ns time scale measured
proton-transfer rate is not affected by the presence of the salt.for 435 nm at a concentrations of 1.45, 2.58, 3.31, 4.64 and 5.80 M.
Parts a and b of Figure 3 show on 10 and 3 ns time scales,(b) Stretched time scale of 3 ns. (c) R®ignal measured at 515 nm.
respectively, the time-resolved emission of the protonated form
measured at 435 nm in the NaCl solutions. The signal of the parameters. At higher concentrations, the quality of the computer
RO~ of HPTS in aqueous solutions of various NaCl salt fitis rather poor for short times. Figure 4c shows the ROH decay
concentrations measured at 515 nm is shown in Figure 3c. Foron a stretched time scale-up to 5 ns to emphasize the mismatch
high salt concentration, the short time decay rates of the ROH between the experimental data and the fit. In the discussion
band decreases as the salt concentration increases. The shosection, we suggest a plausible reason for the mismatch between
time decay of the ROH band is attributed to the ESPT process, the geminate recombination model and the experimental results.
and thus the proton-transfer rate decreases as the salt concentr&igure 4d shows the time-resolved emission of the"R@nd
tion increases. The solid line in the figure is a computer fit to of HPTS in neat water and in a 1.66 M MgQiolution. As
the proton-transfer geminate recombination model. seen in Figure 4b,d, the decay of the ROH and the rise time of
Parts a and b of Figure 4 show on a semi-log plot the time- RO~ forms at 1.66 M are much slower than those in pure water
resolved emission of the ROH of HPTS in low and high because the proton-transfer rate in a high Mg@lt concentra-
concentrations, respectively, of MgGolutions along with the  tion is much smaller than that in pure wateit. AM the ESPT
computer fit to the reversible geminate recombination model. rate is slower than the radiative rate and thus the excited-state
As seen in the figure, the fit is rather good at concentrations up population mainly decays by the radiative process. It implies
to about 2 M. We fit both the ROH and RQwith the same that the RO band intensity shown in the steady-state spectra
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Figure 4. Time-resolved emission of HPTS in MgCéolutions: (circles) experimental results; (solid line) the computer fit to the geminate

recombination model. (a) ROH signal. (b) ROH signal of high salt concentrations, 1.66, 2.07, 2.50, 2.85, 3.26, 3.80 4.56 and 5.0 M. (c) ROH decay

on a stretched time scale, up to 5 ns, to emphasize the mismatch between the experimental data and the fitsigmalR@neat water and in
a 1.66 M MgC} solution.

in Figure 1b is smaller than the ROH band. In an MgCl The tracer diffusion of H in the presence of alkali chloride
solution, the decrease in the ESPT rate constant is dramatic. Atsalts is given in Table 11.7 of ref 21. It was found that the dif-
abou 5 M MgCl,, the rate decreases by a factor of 100. fusion constant of H decreases as the salt concentration increas-

The next subsection is devoted to the fine details of the fitting €s. In NaCl, the relative proton diffusion constant (with respect
procedure and the salt concentration dependence of the paramto a salt-free solution) values are 0.87, 0.80 0.74 and 0.42 for
eters of the geminate recombination model. The fitting param- Solutions of 0.1, 0.5, 1 ah4 M NacCl. In a previous stud§on
eters are the diffusion constabt the screened potenti®(r), time-resolved emission of HPTS in the presence of Na®
the proton rate constakj and the recombination rate constant found that the decrease in the proton diffusion is larger by a
k.. For high salt concentrationkq, k;, the screened potential, ~factor of about 2 than previously reported in the literature. We
V(r), and D change with concentration and thus we have a are unaware of published results of the tracer diffusion bfrH
multiparameter fitting problem. the presence of Mg&lThe effect of LiCl on the tracer diffusion

Fitting Procedure Using the Geminate Recombination of H+_is much Iarge_r than that of NaClt4 M LiCl, the relative
Model. In fitting the time-resolved data shown in Figures2  diffusion constant is only 0.28. Because MgGl affects the
(solid lines are the fitting curves), we used our model of proton Properties of water more than LiCl, we assume that the reduction
transfer followed by reversible geminate recombination. The ©f the diffusion constant of His larger in MgC} than in LiCI
main consequence of the geminate recombination process is théind NaCl. In the fitting of the time-resolved data we used a
repopulation of the ROH* form in the excited state, thus creating Value for abouD = 107° cn¥/s at about 2.8 M MgGl
a nonexponential decay of the fluorescence. To quantitatively ~For the calculations of the proton geminate recombination
fit the experimental data, we need to know the dependence ofprobability using the DSE (see eq 1) and the attraction potential
the proton diffusion constardy+ in the presence of the salt between the RO of HPTS (eqs 23) we assume that the
and for the calculation of the screened Coulomb potential the dielectric constant of water is about 78 for low and medium
dielectric constant as a function of the salt concentration. In salt concentrations. At high salt concentrations, the use of the
water with low salt concentrations the excited-state lifetimes Debye-Hickel screening formula (see eq 3) probably does not
of the ROH and RO of HPTS are about the samg,= 5.4 ns. hold and the screened Coulomb potential calculations are
We found that, at high concentrations of MgChe excited- probably incorrect. Calculations using eq 3 show that in
state lifetimes of both ROH and RQdecrease somewhat. At  solutions of high salt concentrations witk> 1 M, the Coulomb
abou 5 M MgCl, the excited-state lifetimes of ROH and RO potential at distances larger thar= 6 A (the contact sphere
are about 4.5 ns. radius in our model) is totally screened and approaches zero.
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TABLE 1: Kinetic Parameters for the Proton-Transfer
Reaction of HPTS in a HO/NaCl Solution Using the
Reversible Geminate Recombination Modél

C(Na"), [M]  kq[10°s71bc Kk [10°As2d  Dlcnm2s e
0 9.0 5.5 1.0¢ 10
0.075 9.6 7.0 8.0« 10°5
0.145 9.6 7.2 7.¢ 105
0.290 9.3 7.3 6.0 10°5
0.580 9.6 7.5 5. 105
0.970 8.7 7.5 4.0¢ 10°°
1.45 7.7 7.5 3.5 10°5
1.93 7.2 7.5 3.0¢ 10°5
2.32 6.9 7.5 2.8¢10°5
2.58 6.5 8.0 2.% 10°°
3.31 5.2 8.0 2.4¢10°5
4.64 3.8 9.0 2.0 10°5
5.80 2.5 19 1.% 10°5

aThere are some constant valug®s = 28 A, 7 1gon = 0.18 ns?

and 7 ro- = 0.19 ns. Pky and k. are obtained from the fit of the
experimental data by the reversible proton-transfer model (see text).
¢The error in the determination &f andk, at low salt concentration

is 10% and 50%, respectively; see tekthe error in the determination

of kq at a large concentration of Mgg€lc > 2.3 M, is 50%; see text.
¢Values at high concentrations obtained by best fit to the fluorescence
decay.

TABLE 2: Kinetic Parameters for the Proton-Transfer
Reaction of HPTS in a H,O/MgCl, Solution Using the
Reversible Geminate Recombination Modél

C(Mg?"), [M]  kq[109s79be Kk [10°As1bd D [cm2s e
0 9.0 5.5 1.0¢ 10
0.045 9.3 6.5 8.0 105
0.112 9.3 6.7 7.0¢ 1075
0.225 9.3 7.0 5.0 105
0.450 8.8 7.5 3.5 105
0.833 6.2 7.5 2.8 105
1.00 5.6 7.5 2.310°°
1.66 4.0 8.0 2.0 10°5
2.00 3.0 18 1.% 10°5
2.20 2.4 16 1.5¢ 10°5
2.50 1.7 13 1.3 10°°
2.86 0.90 8.0 1.% 10°®
3.33 0.50 7.0 1.6 105
4.00 0.230 5.0 7.6 10°6
5.00 0.070 5.0 5.6 10°©

aThere are some constant valud®s = 28 A, 7 1rony = 0.18 ns?

and 7t ro- = 0.19 ns. Pky and k; are obtained from the fit of the
experimental data by the reversible proton-transfer model (see text).
¢The error in the determination &f andk, at low salt concentration

is 10% and 50%, respectively; see tekthe error in the determination

of kq at a large concentration of Mgg€lc > 2.3 M, is 50%; see text.
¢Values at high concentrations obtained by best fit to the fluorescence
decay.

The fitting of the time-resolved emission of the ROH and
RO~ bands of HPTS using the DSE model is shown in Figures
2—4 for both NaCl and MgGl respectively. The fitting

parameters are given in Tables 1 and 2. For the NaCl solution,

the proton-transfer rate constant is almost constant up to 1 M

Leiderman et al.

5 M MgCIl, (saturated solution at room temperature). The
recombination rate constant increases slightly with salt concen-
tration up 2.5 M. At concentrations above 2.8 ki decreases
with salt concentration. At those high concentration ranges the
proton-transfer rate constaky is small and thus it is difficult

to differentiate betweerky (the short times) and (the
intermediate time). The proton diffusion constant decreases by
about an order of magnitude. The overall effect of the large
reduction inkqy andD is that the HPTS steady-state emission
spectrum of a saturated MgQ3olution of pH~ 6 (pK ~ 7.7)
excited at the ROH band consists of only the emission band of
the protonated form.

The asymptotic expression for the long-time fluorescence tail
of the ROH form is given by eq 5. The parameters that control
the relative amplitude of the tail ag¥®@, kq, k- andD. All these
parameters are strongly affected by the Mg@ncentration.

As a consequence of the salt concentration increagel M),

the amplitude of the ROH fluorescence tail increases. At about
5 M MgCl, the relative change of the parameters with respect
to neat water values ai@(5 M)/D° = 0.1, ky(5 M)/kg = 0.01
andk.(5 M)/K’ = 3. Assuming that at 5 M@ = 1, theneV(@-

(5 M)/e¥@ = 0.02.

Calculating the tail amplitude in neat water anciM MgCl,
using eqg 5 shows that the long-time fluorescence amplitude of
HPTS n 5 M MgCl, increases by a factor of about 400 with
respect to neat water. These large changes drastically affect the
fitting capability and the uniqueness of the values of the
parameters used to fit the shape of the time-resolved emission
of both ROH and RO of HPTS in a concentrated solution of
MgC|2.

In fitting the time-resolved emission of HPTS in neat water
the only adjustable parameters &geandk;. kg mainly affects
the time-resolved signal at short times (head) whekeaffects
the longer times, i.e., the fluorescence shape at intermediate
times and the height of the long-time fluorescence tail. In neat
water the fluorescence decay for short times is fast and nearly
exponential. The long-time nonexponential tail is well separated
from the initial decay. In neat water, the contribution of the
geminate recombinatioky to the early times is relatively small
whereas that of; is large. At low salt concentrations, the main
effect on the luminescence of ROH is the strong decrease in
the amplitude of the long-time fluorescence tail. This is due to
the Coulomb potential screening by the salt ions. In contrast to
the neat water and the low salt concentration, in fitting the high
salt concentrations (of aboat> 1.5 M of MgCl) we find that
the contribution of the recombination process to the early times
is larger than that in water. The amplitude of the long-tail (given
in eq 5) is determined by the ratig/(ksD%?). It is much larger
than that in neat water. Becaukgdrastically decreases with
salt concentration, the separation between the contribution of
ks andk; for long times is unclear. One can get a similar fitting
of the ROH and RO curves with a relatively smaky and small
k- and vice versa. We find that at high Mg@oncentrationsq

concentration. At about 3.3 M, the rate constant decreases by a> 2.5 M), the ROH decay is nonexponential even at early times
factor of 2. The geminate recombination rate constant is almost (shorter than 2 ns) whelk is relatively small kg < 0.5 ns’?)

independent of the salt concentration up to 1 M. At higher
concentrationsky decreases whilly increases slightly with the
increase of the salt concentration. The diffusion constantof H

and comparable with the radiative rég; = 0.2 ns'’. In these
high salt concentrations, we find (see Figure 4) that the geminate
recombination model fails to quantitatively fit the ROH decay

decreases by a factor of 5 when the NaCl concentration is aboutfor all combinations of reasonable, k. and D values. The

4.64 M.
The fit of the time-resolved emission in the presence of

mismatch between the model and the experimental results leads
us to propose a specific model for high concentration salt

magnesium salt is more complicated because the changes irsolutions. To achieve better results when fitting the ROH time-

the fitting parameterky, k- andD are much larger. The proton-
transfer rate constaritg, decreases by a factor of about 100 at

resolved emission experimental results for high salt concentra-
tions, we developed a simple model based on the hypothesis
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that, at a high Mg" concentrations, the solution next to the In concentrated salt solutions, the vapor pressure is lower
hydroxyl group is not homogeneous but rather an inhomoge- than that of pure water and hence it exhibits reduced water
neous environment. In the discussion section we describe theactivity. This phenomenon is explained by the fact that a

inhomogeneous water cluster model. considerable fraction of the water molecules are associated with
the hydration of the salt ions. The binding energy of these water
Discussion molecules (which form the first and second hydration shells),

to the center ion, is larger than 10 kcal/mol. Therefore, they
are less likely than the free water molecules to participate in
the process of the hydration of the initially formed®f. To
obtain a proton hydrate greater thagH, the thermodynami-
cally stable complex must be formed within the ion-pair lifetime.
The depletion from the solution of water molecules available
for this reaction will lower the probability of the successful
protolytic dissociation. As demonstrated in Figure 5 of ref 19,
this function indeed decreases with the activity of the water in
the solution.
From mobility measurements, vapor pressure depression and
0 dielectric constant depression the effective number of bound
log ky = log kg — nlog a(H,0) ©) water molecules around ions can be estimated.

The dielectric constant of a salt solution was studied by
wherekg and k] are the proton-transfer rate in salt solutions Hasted and co-worke®.They found that the dielectric constant
and pure water, respectively. Equation 9 is compatible with a decreases as the salt concentration increases. They found that
reaction mechanism where the excited molecule transfers athe dielectric constart can be represented by a formula:
proton to a hydration complex aof water molecules. The plot _
of the logarithm of the proton-transfer rate constant of HPTS €<eyt206cC (10)
versus the log of water activity gave a slope of about 7. Such
a presentation is a gross oversimplification rabecomes a  whereey is the dielectric constant of waterjs the concentra-
stoichiometic factor stating that no reaction will take place with tion in molar units and has a value between5 and—15 for
the species (bD).-1 or (HzO)n+1. Thus, a less stringent  various salts in concentrations of up to 2 M.
explanation should be sought. In this study, we use the According to Hasted!it is possible to estimate the minimum
guidelines of the previous study and extend the proton hydration hydration number of a cation from the value 6f on the
cluster model. The main experimental finding in the current following basis: the model in which short range order dominates
study is the nonexponential decay of the time-resolved emissionthe orientation of the inner hydrogen sheath, effectively remov-
of the ROH in concentrated Mgg&$olutions even at short times ~ ing a fraction of water molecules from playing any part in the
t < 1/ky, whereky is the proton-transfer rate constant. To explain dielectric process; outside this there is a region in which a small
this unexpected finding, we invoke that in concentrated MgCl amount of saturation takes place, so that these molecules make
solutions the close region of water molecules surrounding the a small contribution to the fall of the dielectric constant.
HPTS molecule forms an inhomogeneous environment. The According to Hasted and co-workers it is reasonable to assume
measured nonexponential decay rate of proton-transfer ariseghat this accounts for about a quarter ®fys*, that is, —2.
from an excited ensemble of photoacids with a distribution of Subtracting this contribution, they found in the inner sheath,

In a previous study published more than two decades ago
about the rate of proton transfer of photoacids in aqueous
solutions, in the presence of a large concentration of various
electrolytes we found that the rate measured in equimolar
concentrations of NaCl, LiBr, or MgGlvaried markedly. The
activity of H,O that reflects the properties of the solvent in the
solution, was found suitable to describe the change in the proton-
transfer rate with the concentration of the various salts.
Experimental results obtained with the three electrolytes fit a
single linear function

rates due to the inhomogeneous environment. N, for the minimum number of water molecules.
Searcy and Ferdhand Kebarlé&® measured the clustering of
water molecules around free protons in the gas phase. Clusters (-7 — 2)le,, = NM/1000 (12)

of various sizes were observed and the respective enthalpy of

formation was calculated. The difference in enthalpy of the whereM is the molecular weight of water.

hydration of a proton vs the cluster numbegrdesignated as Using eq 11 gives the minimum hydration of Nand Mg"
—AH% .1, shows a remarkable decrease with an increasing as about 4 and 14 water molecules, respectively. The above-
cluster numben. The hydration enthalpy difference between a mentioned theory connects the depression of the dielectric
monomer HO™ and a dimer is—AH% , = 32 kcal/mol and constant with the dielectric saturation of a definite number of
—AHO% ;= 22 kcal/mol. These values are comparable with the water molecules in the first and second solvation layers around
results obtained from quantum-mechanical calculatfefiThe the cations for which the effective dielectric constart is 4.
hydration enthalpy-AH?, 111 reaches a limiting value of about ~ The dielectric constant of the rest of the water molecules assume
10 kcal/mol when the cluster number is about 10. By analogy the high value of water, i.ec,= 78. In 1 M MgCl, salt, basically
with these results, the enthalpy of proton hydration in solution 3/8 of the water molecules are bound as ion solvent molecules
will also increase with the size of the hydration complex. Yet, in solvation shells and only 5/8 of the water molecules have a
in liquid water, one exception should be made: To increase regular large dielectric constant of 78.

the size of the complex by one water molecule, a water molecule  The minimum hydration number of Hrom Hasted and co-
must first be removed from the bulk, with an energy investment workers measureme#tss 10. As mentioned above, this number
of 10 kcal/mol (heat of evaporation of water). Therefore, the can also be deduced from the enthalpy of formation ¢f H
hydration complex of a proton will not exceed the state where (H,O), determined by Kebarle for gas-phasé Water cluster¥

the energy gain of further hydration will be comparable with The proton-transfer rate will be strongly dependent on the
the heat of evaporation. Using the results of KeFarend average proton hydrate size. It was previously found that the
Searcy and Fent¥,we estimate that the hydrating complex in rate of proton-transfer correlates with the free energy of reaction,
a dilute electrolyte solutiorag,o = 1) will be of about 10 water pK*. The lower the [K*, the faster the proton-transfer rate.
molecules. For high salt concentrations, the free water is situated in a small
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space between the Mions. It probably tends to organize as wherex, is the mean (the peak position) of the Gaussian and is
water clusters. A 1 M salt concentration, the average distance related to the average cluster size. We assume that the rate
between cations is 9.4 A andrf® M of salt the average distance  constant of proton transfer depends exponentially on the
is 5.5 A. If the radius of a water molecule is approximately 1.6 coordinatex, which is inversely related to the cluster size »At

A and in MgCh about two solvation layers are dielectrically = 0.4, the rate constant assumes the value of a neat water
saturated by the Mg ion, then the average amount of free water solution (for HPTSky ~ 10 ns1). The larger the value o,
surrounding the HPTS molecules will be less than 10. the smaller the average cluster size. The rate constant is given

The rate of exchange in water molecules of the first by
coordination sphere for several cations was studied by Eigen
and Tamr# using ultrasonic absorption technique. It was found k(x) = Aexp[-X] (13)
that the rate constant for water substitution aroundMg very
small, about 18 s, whereas for the alkali cations the rate
constant is much larger, in the range of $6'. When the water
exchange rate is much sloyver than the protqn-transfer rateexcited state has not decayed by titradter excitation is given
constant and the free water is only a small fraction of the total b
water molecules (at large Mgg&toncentrations), it is reasonable y
to use an inhomogeneous kinetics model that is based on the —t\
assumption that the number of free water molecules surrounding P(t) = exr{7) o p(x) exp[~k(9t] dx (14)
the HPTS is semi-fixed during the proton-transfer process. As f

mentioned above, the number of water molecules bound to aTpe first exponential accounts for the homogeneous radiative

proton in low concentration acid solution is large and the average yecay process, whereas the integral of the second exponential

number of bound water molecules is about 10. _ represents the inhomogeneous proton-transfer rate that depends
The main assumption in an inhomogeneous model describedyp, the cluster size. The observed transient fluorescence signal,

in the text section is that the rate of th(_a proton transfer strongly I(t), is a convolution of the instrument response function (IRF),
depends on the water proton cluster size. Knochenmuss and coy ) with the theoretical decay function

workers$* measured the excited-state proton-transfer rate of a

1-naphthol water cluster in the gas phase. They found that the _ t o N
proton-transfer rate depends on the average cluster size. For IO = Zo«f—mp(t £) 1o(t) at (15)
small clustersrf{ < 100), the average rate was slower by about
a factor of 10 than the rate for larger clusters @& < 800).

The kinetics was multiexponential with picoseconds and nano-
seconds components due to the large width of the distribution
in the cluster size. The Knochenmuss and co-workers study
clearly shows that the proton-transfer rate strongly depends on
the water cluster size.

To obtain better results when fitting the ROH time-resolved
emission experimental results at high salt concentrations, we
developed a simple model based on the hypothesis that, at a
high M2t concentrations, the solution next to the hydroxyl The second equality suggests that QY can also be inter-
group is not a homogeneous aqueous solution but rather anPreted as the ratio of the average excited-state lifetiftie=
inhomogeneous microenvironment. The proton-transfer rate in /oP(t) dt, and the radiative one.
solution depends also on the water cluster sig®HH,0)n. Figure 5a shows the time-resolved emission of the ROH form

Water Cluster Model. In the cluster model we assume that of HPTS in ethanol and in an aqueous solution containing 3.45
the rate of proton transfer strongly depends on the number of M MgClz. In the ethanol solution, proton transfer from HPTS
free water molecules surrounding the hydroxyl group of the is ineffective within the limits of the excited-state lifetime.
HPTS. For high salt concentrations ¥ 0.5 MgCh) the ratio Therefore, the decay of ROH in ethanol is almost a single
between free and bound water fBlsed[H20]boung decreases exponential with a lifetime of about 4.6 ns. In contrast to the
as the salt concentration increases. The average size of the fre@xponential decay of HPTS in ethanol, the decay of the ROH
water cluster strongly depends on the salt concentration. Thein 3.45 M MgCb is nonexponential at all times. The proton
mathematical derivation is similar of that of ref 35, which deals geminate recombination is small due to the effective screening
with the radiationless transition of the GFP chromophore in of the Coulomb potential. We propose that the nonexponential
solution. decay arises from the inhomogeneity of the water structure in

In the proposed model, we assume that the proton is close proximity to the HPTS molecule in the presence of large
transferred to a water cluster of siz@ext to the hydroxyl group ~ salt concentrations. Figure 5b shows the time-resolved emission
of HPTS. In salt solutions the water cluster size decreases asof the ROH of HPTS in a 3.3 M MgGlsolution along with the
the salt concentration increases. The clusters form a distributionbest fits of the geminate recombination model and the water
of its size. For simplicity we assume that the cluster distribution cluster model. As seen in the figure, the fit of the water cluster

In the static limit where the size of the cluster next to the
hydroxyl group of HPTS is time-independent with respect to
the time of the proton-transfer rate, the probabiR(y) that the

whereZ, is a normalization constant fag(t).

Finally, we derive an expression for the absolute fluorescence
QY of the ROH. It is defined as the fraction of excited molecules
which decay radiatively, by the emission of a photon. Because
the latter is a unimolecular process, its transient rate is given
by 7 1P(t). The absolute QY is the time integral of this rate

QY = [ 'P(t) dt = (I, (16)

is Gaussian with a certain width defined by a variancand model (the solid line) is excellent for more than 2 orders of
an average size. We will use a continuous coordinatgx > magnitude. The geminate recombination model fails to fit the
0) that is inversely related to the water cluster siz€he cluster experimental decay at short and long times.

distribution is given by Parts c and d of Figure 5c¢,d show the fit of the cluster model
to the time-resolved emission of the ROH band of HPTS in

1 (x— x0)2 NaCl and MgC}, respectively. The fit of the model is rather
p(X) = exg————— (12) good for short times, for both the low and high salt concentra-

v 2ro? 20 tions. It fails in fitting the long-time tail at low concentrations
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Figure 5. (a) Time-resolved emission of the ROH form of HPTS in neat ethanol and in an aqueous solution containing 3.45,M\igigGhe
nonexponential decay of HPTS in MgC(b) Time-resolved emission of the ROH of HPTS in a 3.3 M Mgs&ilution along with the best fits of
the geminate recombination model (broken line) and the water cluster model (solid line). Note the good fit of the cluster model. (c) Fit of the cluster
model (solid line) to the time-resolved emission (circles) of the ROH band of HPTS in NaCl, for several salt concentrations. (d) As for (c) but the
salt is MgC}.

but fits much better the long time of high salt concentrations. EAB'-E 3: lei_?g%i‘é Parargc/alher(szlf%r the F;]rotg?-Tran'a‘ea b
The fitting parameters of the cluster model Ar¢he preexponen- eaction o in H,O/NaCl Using the Cluster Modef

tial in the rate constant expression (see eq 13), the width of the C, [M] 207 (width) Xo (position)
clusters distribution, &, and the position of the Gaussian popu- 0.290 0.25 0.00
lation, xo, which is inversely proportional to the average cluster 0.580 0.25 0.00
size (see eq 12). We set the preexponential value to bex 1.5 0.970 0.25 0.20
10'%9s71 (independent of the salt concentration), slightly larger 145 0.25 0.35

. 2.32 0.33 0.52
than the actual proton-transfer rate constant of HPTS in neat 258 0.37 0.60
water 0.93x 10'°s™1. The values of the adjustable fitting par- 331 0.40 0.85
ameters @2 andxp are given in Tables 3 and 4 for NaCl and 4.64 0.44 1.48
MgCl, solutions, respectively. The peak position of the Gaussian 5.8 0.48 2.10
population,xy, is almost fixed for low salt concentrations. aThe preexponential factok = 15 ns.  The error in estimation

This finding is in accord with an almost independent proton- of x, and 22 is +15%.
transfer and recombination rate constants at low salt concentra-
tions. From the fitting procedure of the time-resolved emission almost independent of the salt concentratio &t 0.1 M. In
by the geminate recombination model in NaCl solutions, the NaCl solutions of large concentratian> 2 M, the proton-
proton-transfer rate constar, is almost fixed up to about 1 transfer rate constant decreases and the shape of the ROH decay
M. The geminate recombination rate const&ptis also fixed. at early times deviates from exponential. In a large salt concen-
For low salt concentrations, the time-resolved luminescence tration, the cluster model fitting parametegsand 22 change
shape of both the ROH and Rands is nearly independent with salt concentration. From the model, the larger the salt
of the salt concentration, because the screening of the Coulombconcentration the smaller the size of the average water cluster
potential by the salt is almost complete. The screening effect is (largexo) and the larger the width of its distribution (largerZ2.
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TABLE 4: Kinetic Parameters for the Proton-Transfer 1.0 o]
Reaction of HPTS in H,O/MgCl, Using the Cluster ModeP- =
C, [M] 202 (width) %o (position) E 054 5
0.225 0.28 0.00 £
0.450 0.40 0.00 g
0.833 0.54 0.38 < 0.6+ °
1.00 0.60 0.60 .E
1.66 0.71 0.95 o)
2.00 0.77 1.60 s 041 g
2.20 0.80 1.90 5 o
2.50 0.80 2.25 g 02- o8
2.86 0.86 2.80 g o
3.45 1.00 3.40 = o oo B
4.00 2.00 4.25 -
5.00 2.00 5.00 00 05 10 15 20 25 30 35 40 45 50
2The preexponential factok = 15 ns™. ® The error in estimation cMgh M|
of o and 2% is +15%. Figure 6. Relative intensity of the ROH emission band taken from

the steady-state emission spectrum shown in Figure 1b (circles) and
In an MgCl solution the effect of salt concentration on the the time-integrated average lifetime (squares, calculated from the time-
decay profiles of the time-resolved emission is larger than that resolved emission) as a function of the Mg€bncentration (squares).
in NaCl. The value of the proton-transfer rate constant strongly
decreases with salt concentration for concentrations larger than ROH Long-Time Fluorescence Tail.Figure 7a shows on a
c = 0.8 M. The fitting parameters of the water cluster model log—log plot the time-resolved emission of ROH in water, 0.05
drastically changes with the Mg£toncentration. The cluster M NaCl and 0.045 M MgGl The experimental data are
size parameteny, increases with the salt concentration. This multiplied by expf/zf] to account for the finite excited-state
is accompanied by an increase of the width of the population lifetime. According to the long-time asymptotic expression given
distribution. The average proton-transfer rate constant, accordingby eq 5 of the geminate recombination model, the decay should
to the model, is given bt = A exp(xg). For 5 M MgCh, xo ~ be a power law of =32 for a three-dimensional diffusion space.
5 we getk = 10° s™L. This value is 0.01 of the rate constantin The t~32 asymptotic law is reached only when a quasi-
neat water or at low salt concentration and is smaller by a factor equilibrium is established between the proton distribufi@rt)-
of 2 than the radiative rate of ROH. The Gaussian width and the ROH population. The time lag needed for establishing
increases by a factor of 6 fromo2 = 0.3 at low salt a quasi-equilibrium depends on three parametgrk andD.
concentrations to about 2 at high salt concentrations. The larger these parameters, the shorter the time lag. At times
Steady-State EmissionParts a and b of Figure 1a,b show shorter than this time lag, the ROH emission decays nearly
the steady-state emission of HPTS in the presence of NaCl andexponentially. The slope of an exponential decay on &log
MgCl; salts in aqueous solutions. The larger the salt concentra-scale is not constant but depends on time. Figure 7a also shows
tion, the larger the ROH band emission intensity and the lower such an exponential decay with a time constant of 100 ps, the
the RO intensity. As shown in Figures-24 and the analysis  value of 1ky of HPTS in neat water. For the ROH emission,
of the time-resolved emission using the geminate recombinationthe geminate recombination model predicts that the slope of
model, the proton-transfer rate slows with the increase in salt t=32 should be maintained for all salt concentrations, but the
concentration. An additional enhancement of the salt effect on amplitude of the long-time tail should decrease because of the
the steady-state emission of HPTS arises from the large increase&Coulomb potential screening by the solution as the salt
in the proton recombination (see eq 5) due to the increase ofconcentration increases. At small concentrations of Mgélt,
the ratiok/kq and the decrease in the proton diffusion constant ¢ = 0.045 M the measured slope shown in Figure 7a as a dashed
with salt concentration. The recombination rate constant slightly line at short times (between 0.3 and 2 ns}i2.5, much larger
increases with salt concentratignwhereas the proton-transfer  than the predicted slope ¢f32 Careful examination of the
rate constanky strongly decreases. The overall salt effect is a simulations shown as a solid line in Figure 2 shows that at times
large increase in the amplitude of the geminate recombination prior to the condition of the quasi-equibrium (the power law of
long-time fluorescence tail of ROH, which amounts to the t=32, the slope of the signal on a ledog plot has indeed a
coalescence of the initial decay (the proton transfer) with the decent steeper than32
fluorescence tail arising from the reversible proton recombina-  For high salt concentrations, we find that all the parameters
tion. The net result is that the proton-transfer quantum yield that determine the amplitude of the long-time tail change with
drops with the salt concentration increase and at about 5 Mthe salt concentration. Figure 7b shows the time-resolved
MgCl, the proton is not really transferred to the solvent. emission of ROH on a loglog scale of ROH in the presence
Integrating the time-resolved emission of the ROH band of large concentration(> 0.97 M) of NaCl. The long-time
measured at 435 nm provides the average lifetime of the ROH. slopes of the ROH decay are larger tha8/2. At the highest
Figure 6 shows the relative intensity of the ROH band taken concentrations, the condition of reaching th&? power law is
from the steady-state emission spectrum shown in Figure 1bshifted to longer timeg, >10 ns. Also, the relative amplitude
(circles) (normalized to the ROH intensity of 5 M) and the time- of the long-time asymptotic tail drops by more than an order of
integrated average lifetime (normalized to the steady-state magnitude at about 2.8 M of NaCl. Figure 7c shows a computer
intensity d 5 M MgCl; as a function of the MgGlconcentra- simulation on a log-log scale of the geminate recombination
tion). As seen in the figure the time-integration values of the model with the parameters used to fit the decay of several
ROH* population fits the normalized steady-state intensity of solutions of NaCl. As seen from the figure, the2 slope is
the ROH band nicely. The time integration of the time-resolved reached only after very long times. In a real ESPT experiment
emission computer fit of both models (egs 6 and 16) gives also the excited-state population of ROH decays via two channels:
an excellent match to the steady-state data. the reactive channel to produce R@nd the radiative decay



Proton Transfer from Pyranine to Water

a 1:
0.1+

0.01 4

I(t)exp(tir)

exponential decay

1E-3 -

1E-4 —

NaCl

0.01 0.1

0.1

I()exp(t/z)
© b o o

0.01 5

1E-3

0.01

Time [ns]

0.1

0.01

1E-3

0.58M
1E-4

Calculated ROH Fluorescence

5.80M

1E-5
0.01 0.1 1

Time [ns]

10

T
100

J. Phys. Chem. A, Vol. 110, No. 17, 2008583

The situation in an MgGlsolution is even worse. The large
drop inkq for high salt concentrations shifts the semi-equilibrium
condition to a later time than the same concentration of salt in
NaCl solutions.h 1 M solutions of MgCJ, the slope between
0.4 ns and about 2 ns is2.5. From the simulation using the
SSDP program, we find that the conditions for the asymptotic
power law t=32 are reached beyond 4 ns. As previously
mentioned, the time-dependent excited state ROH population
drops exponentially with time due to the radiative process, and
hence, at such long times, it is impractical to get a decent signal
and determine the actual slope.

Summary

We studied the excited-state proton transfer and the geminate
recombination process in HPTS in water in the presence of two
electrolytes, NaCl and Mg&l We used the time-correlated
single photon counting technique to measure the time-resolved
emission of both the protonated ROH* and deprotonated’RO
forms of the photoacid. We found that for low salt concentra-
tions, we can use the geminate recombination model to
guantitavely account for the photoprotolytic process using the
Coulomb screened potential. As the salt concentration increases,
the screened Coulomb attraction decreases and thus the proton
geminate recombination process is less effective.

At higher salt concentrations the proton-transfer rate constant
decreases while the recombination rate constant slightly in-
creases. For a saturated solution of Mg@bou 5 M atroom
temperature), the proton-transfer rate constant is smaller by a
factor of 100 than that of pure water. The steady-state emission
consists of only a single band: that of the protonated photoacid.
For excited-state proton transfer in this large concentration range
of MgCl,, we were able to get a good fit of the experimental
data with a model based on the distribution of proton-transfer
rates. The model is consistent with inhomogeneous water
clusters surrounding the HPTS molecules in concentrated
solutions. In pure water, a proton is transferred to a water cluster
of a size about=10 water molecules-®2%31In a concentrated
solution, such a large number of free water molecules is not
available because an Nigion binds about 14 water molecufés.
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