
Bimodal proton transfer in acid-base reactions in water
Matteo Rini
Max Born Institut fuer Nichtlineare Optik und Kurzzeitspektroskopie, Max Born Strasse 2A,
D-12489 Berlin, Germany

Dina Pines, Ben-Zion Magnes, and Ehud Pinesa)

Department of Chemistry, Ben-Gurion University of the Negev, P.O.B. 653, Beer-Sheva 84105, Israel

Erik T. J. Nibberinga)

Max Born Institut fuer Nichtlineare Optik und Kurzzeitspektroskopie, Max Born Strasse 2A,
D-12489 Berlin, Germany

~Received 30 March 2004; accepted 13 August 2004!

We investigate one of the fundamental reactions in solutions, the neutralization of an acid by a base.
We use a photoacid, 8-hydroxy-1,3,6-trisulfonate-pyrene~HPTS; pyranine!, which upon
photoexcitation reacts with acetate under transfer of a deuteron~solvent: deuterated water!. We
analyze in detail the resulting bimodal reaction dynamics between the photoacid and the base, the
first report on which was recently published@M. Rini, B.-Z. Magnes, E. Pines, and E. T. J.
Nibbering, Science301, 349 ~2003!#. We have ascribed the bimodal proton-transfer dynamics to
contributions from preformed hydrogen bonding complexes and from initially uncomplexed acid
and base. We report on the observation of an additional~6 ps!21 contribution to the reaction rate
constant. As before, we analyze the slower part of the reaction within the framework of the diffusion
model and the fastest part by a static, sub-150 fs reaction rate. Adding the second static term
considerably improves the overall modeling of the experimental results. It also allows to connect
experimentally the diffusion controlled bimolecular reaction models as defined by Eigen-Weller and
by Collins-Kimball @D. Shoup and A. Szabo, Biophys. J.40, 33 ~1982!#. Our findings are in
agreement with a three-stage mechanism for liquid phase intermolecular proton transfer: mutual
diffusion of acid and base to form a ‘‘loose’’ encounter complex, followed by reorganization of the
solvent shells and by ‘‘tightening’’ of the acid-base encounter complex. These rearrangements last
a few picoseconds and enable a prompt proton transfer along the reaction coordinate, which occurs
faster than our time resolution of 150 fs. Alternative models for the explanation of the slower
‘‘on-contact’’ reaction time of the loose encounter complex in terms of proton transmission through
a von Grotthuss mechanism are also discussed. ©2004 American Institute of Physics.
@DOI: 10.1063/1.1804172#

I. INTRODUCTION

A. General background

The dynamics of fast bimolecular reactions in solution
have been subject of considerable interest to experimentalists
and theoreticians for many years. Reactions of which the
progress is influenced by the transport of reactants have been
of particular interest in chemical, physical, and biological
studies.1–7 Investigation of these reactions have included
proton8–13 and electron transfer,14,15 ion association-
dissociation,16 excimer formation,17,18 dynamics of
proteins,19 enzymes, and membranes,20 and fluorescence
quenching.3,7,21–24 It has been conventionally assumed that
the reactants are transported and encounter each other by
macroscopic diffusion and that the overall rate of bimolecu-
lar reactions is limited by diffusion. Generally speaking,
diffusion-influenced bimolecular reactions may be viewed as
made of two consecutive stages. The diffusion stage consists
of movement of the reactants towards each other to the point

where they encounter each other and form a reactive pair.
The diffusive stage is followed by the reactive stage which
takes place within the boundaries of the reaction~encounter!
volume.

The first quantitative description of a diffusion-assisted
reactive process was proposed by von Smoluchowski over
80 years ago in order to describe colloidal aggregation.25 It
models reactants as rigid spheres that react with unit prob-
ability upon mutual contact. The reactive configuration is
defined by only one reaction parameter usually termed ‘‘the
contact~reaction! distance.’’ Debye has generalized the von
Smoluchowski model to include the important situation
where reactants interact via a potential of a mean force
U(r ).26 For ionic reactants,U(r ) was approximated by the
Coulomb potential leading to the well-known Debye–von
Smoluchowski equation~DSE!. The DSE was solved analyti-
cally for relatively long times after the time of initiation of
the reaction by Hong and Noolandi.27 Collins and Kimball28

extended the model by incorporating a finite bimolecular re-
action rate upon contact,k0 . The resulting reaction model is
called the von Smoluchowski-Collins-Kimball~SCK! model.a!Author to whom correspondence should be addressed.
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No exact analytic solution of the SCK model with a Cou-
lomb potential is known. Szabo utilized a Collins-Kimball
type of boundary condition with a potential and derived an
approximated expression for the time dependent reaction rate
coefficient.29 This expression can be easily implemented to
interpret experimental data, which is the major advantage of
the SCK model.

Both the DSE and the SCK formalisms result in a time
dependent rate constant for diffusion assisted reactions; the
rate constant decreasing from its early reaction-time value to
its steady-state value. The time dependence of the rate con-
stant is a consequence of relaxation of the separation-
distance distribution between the reactants from its initial,
nonreactive value to its steady-state~reactive! value.

Dynamic fluorescence quenching has been used many
times as a probe for the transient effect of the time depen-
dence of the reaction rate coefficient may be observed. Nem-
zek and Ware were first to observe the phenomenon of time-
dependent fluorescence quenching rates in their pioneering
work on fluorescence quenching in high viscosity solvents.21

Combining time-resolved and steady-state measurements,
they were also able to recover the ‘‘static’’~nondiffusional!
quenching rate. This static reaction part of a bimolecular
reaction refers to the reaction rate of the fraction of the re-
actants, which at the onset of the reaction are at close prox-
imity to each other, and so may react without diffusion. In
experiments having limited time resolution the static reaction
is a neard function in time and its relative amplitude is
governed by the separation distribution of the reactants in the
ground state prior to the initiation of the reaction. In the
event of direct complexation between the reactants, the rela-
tive amplitude of the static reaction is determined by the
equilibrium constant of the complexation process.

The studies of diffusion-influenced electron-transfer re-
actions have usually employed time-correlated single photon
counting and time-resolved phase modulation method~in
which the time resolved emission is determined from the
frequency response of the emission to intensity modulated
light!.24 These fluorescence measurements have limited time
resolution ~typically, 30–90 ps instrument response time!
relative to the extremely rapid electron transfer rate. The
experimental results have been usually described by the SCK
model with the transient part of the reaction masked in many
occasions by the limited time resolution of the experiment.

Eads et al.22 have used photon counting, fluorescence
upconversion, and steady-state measurements to examine the
quenching of rhodamine B by ferrocyanide. Neither the von
Smoluchowski model nor the Collins-Kimball extension de-
scribed the data well. Both the von Smoluchowski and
Collins-Kimball boundary conditions assume that the reac-
tion occurs only at a single separation distance and that the
reaction rate is zero for all other separations. This is a very
good approximation for proton transfer but fails to take into
account the distance dependence of electron and energy
transfers. A more satisfactory description of the data was
achieved by incorporating a simple position-dependent sink
model indicating a strong distance dependence for the reac-
tion rate similar to the one found by Songet al.30 Later on,
Shannon and Eads examined the quenching of 7-amino-

coumarin fluorescence by aniline andN,N-dimethylaniline
in methanol.23 They showed that the SCK model accurately
described the 7-aminocoumarin/aniline system but not the
7-aminocoumarin/N,N-dimethylaniline system. Their analy-
sis also showed that the electron transfer process exhibited a
strong distance dependence on the donor-acceptor spatial
separation and that it could be treated successfully using the
Wilemski-Fixman approximation for the sink term.31 Yabe
et al. have more recently shown that even the von Smolu-
chowski model is adequate to describe the quenching of
coumarin-15 withN,N-dimethylaniline at low concentra-
tions. However, at higher concentrations the authors had to
use an empirical potential between the donor and quencher to
establish the spatial distribution of the quencher near the
donor.32

A particular branch of diffusion-assisted bimolecular re-
actions of fundamental importance in chemistry and biology
is the neutralization reaction between Brønsted acids and
bases.8–13,33 These reactions involve proton transfer, a key
process in elementary phenomena such as acid-base neutral-
ization and enzymatic reactions,20 the abnormal high proton
mobility in aqueous solutions,34 the autoionization in
water,35 and proton pumps through membrane protein
channels.36 According to Eigen and co-workers11,12 and
Weller2,9,10 reversible general acid-base reactions in solution
are diffusion assisted and may be generally modeled by an
overall three-step reaction scheme consisting of a two-stage
proton transfer scheme at each side of the acid-base equilib-
rium ~Fig. 1!. Each of the two-stage proton transfer reaction
is made of~1! diffusional motion, where the acid and base
approach each other to form an encounter pair when the mu-
tual distance equals the reaction contact radius, and by~2!
intrinsic ~contact! proton transfer. Each one-side proton-
transfer reaction is completed by subsequent separation of
the products by diffusion~3!. Theoretical studies have fo-
cused on the actual~contact! proton-transfer event, reaction
stage~2!, and have tackled questions such as whether the
reaction rate is determined by activated dynamics of the pro-
ton over a reaction barrier37–39or by proton tunneling motion
through the barrier40 or a mixture of the two processes, and
the extent of the role of solvent in determining the reaction
coordinate.41

Within the framework of the Eigen-Weller model, the

FIG. 1. Schematic drawing of the different stages of proton transfer accord-
ing to the Eigen-Weller model. In the numerical estimation of the reaction
rates it is assumed that the reaction partners are spherical and can interact at
contact distancea in any direction along their spheres.
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intrinsic proton transfer rates have been assumed to lie in the
range of~10 ps!21–~1 ps!21 with a typical reaction contact
radius of 5–8 Å. However, diffusion rates are typically much
slower than the on-contact proton transfer rates, so the direct
observation of the actual proton transfer reaction dynamics
between freely diffusing acid and base molecules in liquid
solutions has remained problematic. Moreover, the role of
the solvent in the acid-base encounter pair remains to be
solved, in particular with respect to the observed intrinsic
intermolecular proton transfer rates which have been found
to be at least one order of magnitude slower than the char-
acteristic time scale of intramolecular hydrogen and proton
transfer reactions in many molecular systems following elec-
tronic excitation; many of them having typical time constants
on the order of 100 fs.42

At low concentrations, acid-base pairs are formed by
bimolecular encounters of which the frequency is controlled
by diffusion. The encounter rates are typically much slower
than the on-contact proton transfer rates, so the direct mea-
surement of the actual~contact! proton transfer reaction has
been one of the basic objectives in acid-base chemistry.2,9,10

The obvious way to eliminate the dominating~rate-limiting!
diffusion stage is by studying acid-base pairs in direct con-
tact to each other. This strategy for the elucidation of the
intrinsic bimolecular reaction mechanisms has been used be-
fore in time-resolved studies of low temperature gas-phase
clusters43–56 and in liquid solution.57–65 In the case of room
temperature liquid solutions, however, one always has to
consider the possibility of a variety of conformations when
the reaction partners are associated to each other. This could
lead to situations where the reaction partners are oriented in
less favorable geometries, and as a result the reaction coor-
dinate is not formed. A distribution in relative orientations
will even take place in the case of electron transfer from an
electron donating solvent to an electron acceptor,66–71and as
such it remains to be resolved how the reaction coordinate is
composed when electron donor and acceptor are nearest
neighbors. In the case of hydrogen-bonded complexes in
nonpolar solvents the proton transfer reaction coordinate is
formed when the acid-proton–donating and base-proton–
accepting groups are directly connected to each other by a
hydrogen bond.59–61 In protic self-associate solvents such as
water it could well be that, besides a fraction of directly
bound acid-base complexes, another fraction of the associ-
ated acid-base complexes may be temporarily connected to
each other through a water wire, i.e., one or several water
molecules connecting the acid-proton–donating and the
base-proton–accepting groups via a continuous network of
hydrogen bonds. In this context we also refer to an elegant
cluster experiment on 7-hydroxyquinoline-(NH3)3 , where
proton donating and accepting groups are connected by a
wire of ammonia molecules.54

Pines and co-workers72 made an attempt to directly mea-
sure the intrinsic proton transfer rate at reaction contact of
several naphthol- and pyrenol-type photoacids and several
types of carboxylic bases in aqueous solution. In the ground
state, these acid-base pairs are unreactive. They are linked by
a network of intermolecular hydrogen bonds along which the
proton transfer reaction eventually occurs when an optical

trigger pulse switches the acidity of the photoacid by 5–9
units of pKa ~whereKa is the acidity constant of the photo-
acid in the ground state!. Such excited state proton-transfer
reactions were measured at 1M and 8M concentrations of
the carboxylic base.72 The time resolution of the experiments
was limited by the time response of the single-photon-
counting apparatus~17–22 ps!. The conclusion was that the
intrinsic proton-transfer rate may be estimated directly in
very high concentrations (8M ) of a complexing Brønsted
base, thus circumventing the limitation imposed by diffusion.
Pineset al. also analyzed the proton-transfer rates in the so-
lutions containing 1M of carboxylates, by considering a two-
stage bimolecular reaction scheme, based on the Eigen-
Weller model. They showed that the bimolecular rates
measured in the most exothermic proton-transfer reactions
appear to be larger than their steady-state values. However,
the expected time dependence of the reaction rate constants
was masked by the parallel proton-transfer reaction from the
photoacid to the solvent and by the limited time resolution of
the single-photon-counting apparatus. Consequently, the
need for more refined experiments having better time reso-
lution was recognized and called upon.

Using the technique of femtosecond UV-pump-VIS
probe, Genosaret al.73 have utilized one of the reactive sys-
tems that had been previously investigated by Pineset al.72

and measured the proton-transfer reaction of the photoacid
@8-hydroxy-1,3,6-trisulfonate-pyrene~HPTS!#, at the concen-
tration range of (0.5– 4)M of sodium acetate in water. Val-
ues of 1.631011M 21 s21 and 431010M 21 s21 for the intrin-
sic bimolecular proton transfer rate between photoexcited
HPTS and acetate in H2O and D2O, respectively, were ex-
tracted using the SCK approach. These values are signifi-
cantly larger than the corresponding diffusion-limited rate
constants of the reaction that were measured at long
times,72,73 and with the increased time resolution the overall
bimolecular reaction rates were found indeed to be time de-
pendent. Although very fast transients on the time scale of
several hundred femtoseconds to a few picoseconds were
also observed by Genosaret al. they were identified as
emerging from the ultrafast solvation dynamics of the pho-
toacid and from excited-state absorption contributions to the
pump-probe signal.73

To better explore the nature of the nonexponential~tran-
sient! kinetics in acid-base reactions Cohenet al.74,75 con-
ducted single-photon-counting measurements between a pho-
toacid, 2-naphthol-6-sulfonate, and high concentrations of
acetate base in a medium of high viscosity~water-glycerol
mixtures! to slow down the diffusion by roughly a factor of
40 as compared to that in pure water. Marked nonexponen-
tiality of the reaction rate was observed and the kinetics were
adequately described by the SCK model.

The experiments by Pineset al.,72 Genosaret al.,73 and
Cohenet al.74,75 have demonstrated that application of opti-
cal spectroscopy imposes limitations on the outcome when
applied to study proton-transfer dynamics.76 The unparal-
leled sensitivity and dynamic range of the single-photon-
counting technique is countered by its limited time resolu-
tion. Pump-probe measurements are often complicated by
the strong overlap of different contributions~bleach, stimu-

9595J. Chem. Phys., Vol. 121, No. 19, 15 November 2004 Bimodal proton transfer

Downloaded 30 Nov 2004 to 132.72.138.1. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



lated emission, and excited state absorption! to the pump-
probe signal.77 Moreover, in condensed phase studies, elec-
tronic transitions are usually strongly affected by excess
vibrational excitation, intramolecular vibrational redistribu-
tion, and vibrational cooling~vibrational energy dissipation
to the solvent!78–84 and solvent reorganization~solvation
dynamics!,85–87 which may mask the ultrafast dynamics of
the proton-transfer process. Time-resolved mid-IR spectros-
copy with femtosecond time resolution has the advantage of
being largely free of the above-mentioned limitation of con-
ventional time-resolved optical spectroscopy. It has thus be-
come our technique of choice in pursuing contact proton
transfer in bimolecular acid-base reactions.

B. The observation of bimodal proton transfer rates
by femtosecond-resolved mid-IR spectroscopy

Recently, we have reported on femtosecond-time-
resolved measurements of acid-base reactions using optical
pump and mid-infrared~mid-IR! probe spectroscopy.88 Spe-
cific infrared active vibrational marker modes were followed
at the proton-donor~photoacid! and proton-acceptor~car-
boxylate! sides. We have used the benchmark photoacid
HPTS~Refs. 72 and 73!, which served as an ultrafast optical
switch for the IR-probed proton-transfer reaction. We have
used concentrated solutions of a carboxylate base, the acetate
anion, which was the proton acceptor,72 a reaction condition
introduced by Pineset al.,72 and the solvent was deuterated
water~Fig. 2!. We observed a bimodal proton-transfer rate: a
sub–150 fs reaction component~that has not been reported
before! is followed by a nonexponential part found to be at
least one order of magnitude slower than the first one. The
time behavior of the slower reaction component was found to
be in general agreement with the previous reports on the
same reaction.72,73 Its time dependence was treated using the
SCK model.73 We have attributed these two time components
to dynamics of the two fractions of directly and indirectly

interacting acid-base molecules, respectively. Using both IR
and optical spectroscopies we have demonstrated that a sig-
nificant fraction of acid-base pairs is directly linked by a
hydrogen bond already in the ground state of the photoacid
in concentrated acetate solutions.

Only after an optical trigger pulse, the deuteron transfer
reaction is initiated from the HPTS to the acetate base along
this preexisting hydrogen bond. We have attributed the ul-
trafast reaction dynamics, observed to be faster than the ex-
perimental time resolution of 150 fs, to deuteron transfer
in ‘‘tight’’ hydrogen-bonded HPTS-acetate complexes
ROD̄ B2→RO2

¯DB without intermediate water mol-
ecules. The remaining part of the acid-base population re-
acted in a diffusion-assisted fashion which was modeled by
the SCK reaction mechanism.29,73–75In accordance with pre-
vious observations,72–75 the diffusion-assisted reaction was
found to be much slower, with an intrinsic on-contact reac-
tion time constant on the order of several picoseconds. Our
observation of bimodal reaction dynamics reveals a para-
digm. We have found a much faster reaction rate for acid-
base pairs in direct contact than what is predicted when ana-
lyzing the reaction dynamics of the fraction governed by
diffusional motion. The significant difference in the reaction
time scales can only be reconciled into one picture by as-
sumption of an extra, inner sphere, reaction stage in acid-
base reactions in aqueous solutions that has not been ob-
served before and was accessed by using concentrated
solutions of a proton acceptor. Our results have thus called
for a refinement of the traditional Eigen-Weller picture for
low-concentration acid-base reactions in aqueous solutions.88

C. Outline of the paper

In this contribution we aim to unify the reaction model
for acid-base reactions at low and high concentrations by
considering the outcome of femtosecond mid-infrared~mid--

FIG. 2. Possible deuteron transfer reaction steps that
play a role in the acid-base neutralization of HPTS and
acetate in deuterated water, as investigated in this study.
At the lowest concentrations (0.25M acetate! HPTS
transfers its deuteron to water, to be followed by deu-
teron pickup by the acetate. At higher base concentra-
tions (.1M acetate! acetate scavenges the deuteron di-
rectly from HPTS. In the highest base concentrations
used in this study direct complexes between HPTS and
acetate exist before photoexcitation, which will
promptly transfer the deuteron after photoinitiation of
the reaction.
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IR!, steady-state and single-photon-counting UV-VIS spec-
troscopic methods. We report on the existence of a static
component of 6 ps in the proton-transfer reaction between
HPTS and acetic base at high acetate concentrations, which
is almost two orders of magnitude slower than the sub–150
fs component we have reported before and attributed to acid-
base complexes directly linked by a hydrogen bond.88 We
attribute this additional 6 ps component to the fraction of the
acid-base contact pairs which are weakly interacting and are
formed in the ground state of the photoacid in concentrated
acetate-base solutions. These preexisting contact pairs are
akin to the contact pairs formed by diffusion in dilute solu-
tions of the acetate base. In agreement with the above reac-
tion model, we report on the correspondence, between this
static ~pseudo-unimolecular! proton-transfer rate and the in-
trinsic ~bimolecular! reaction rate constantk0 , we have
found by analyzing the diffusional part of the same proton
transfer reaction by using the SCK formalism.

The paper is organized as follows. In Sec. II we consider
the relation between the unimolecular Eigen-Weller reaction
constant and the bimolecular Collins-Kimball intrinsic reac-
tion constant and summarize the relevant equations for data
analysis, including the dependence of the signals on the rela-
tive polarization of the UV-pump and IR-probe pulses. In
Sec. III we describe the details of the experimental methods
used. In Sec. IV we compare the time-resolved data with
predictions of the kinetic model. We outline in Sec. V a
general three-stage kinetic model of proton transfer between
Brønsted acids and Brønsted bases. This model is in the
spirit of the model for general acid-base reactions which was
previously considered by Bell briefly in his book on the tun-
nel effect89 and was attributed by him to be largely based
on the work of Marcus.90,91 In Bell’s words the acid and
base form first ‘‘the encounter complex in which the reac-
tants have come together, but do not interact appreciably and
have not undergone any significant modification of their
solvation shells.’’ The next reaction stage occurs with ‘‘the
conversion of the encounter complex into the reaction com-
plex in which the reactants and the neighboring solvent mol-
ecules are in positions and orientations favorable to proton
transfer’’ and the actual proton transfer takes place within the
reaction complex. In this study we discuss in detail several
possible mechanisms of a three-stage proton-transfer reac-
tion, which are based on our observation of the bimodal
proton-transfer reaction between the HPTS acid and the ac-
etate base.

II. RELATIONSHIP OF COLLINS-KIMBALL MODEL
TO THE EIGEN-WELLER TWO-STEP
PROTON-TRANSFER SCHEME

A. Two-stage bimolecular proton-transfer reaction
scheme

We start by considering the Eigen-Weller~EW! two-
stage bimolecular proton-transfer reaction as outlined from
the reactant side~scheme 1; Fig. 1!.

Reactants Reactive-complex
Proton-transferred

complex
~Diffusion stage! ~Encounter stage! ~Product stage!

kD kr

ROH1B � ~RO2H•••B!a � (RO2
¯

1H2B!a
k2D k2r

Scheme1

ROH and B are the acid and base, respectively.kD andk2D

are diffusion-limited reaction rates for the encounter and
separation of the reactive complex, andkr and k2r are the
unimolecular constants for the intrinsic proton-transfer rates
at the contact separationa.

Making the steady-state approximation for the concen-
tration of the complex, the effective overall bimolecular rate
constant of the proton-transfer reaction,kf ,92 is given by

kf5
kDkr

kr1k2D
. ~1!

B. SCK model of diffusion-influenced reaction
with a screened Coulomb potential

We outline below the SCK model25–28 of diffusion-
influenced reactions with the radiative boundary at the con-
tact distancea, where the time-dependent second-order~bi-
molecular! rate coefficientk(t) is obtained from the flux of
the incoming reactants across the surface of the contact
sphere as defined by the closest approach~contact! distance:

k~ t !54pDa2
]r

]r U
r 5a
Y c0 . ~2!

We consider the particular case of large excess of proton
acceptors~acetate ions! over the proton donors~photoacid!, r
the density of proton acceptors with respect to a single, cen-
tral proton donor.c0 is the average concentration of the pro-
ton acceptor andD is the relative diffusion coefficient be-
tween the two reactants, approximated by the sum of their
respective diffusion coefficients,D5DAc21DHPTS.

The time dependence of the concentration gradient of the
proton acceptor is assumed to behave according to the
DSE:25–26

]c~r ,t !

]r
5r 22

]

]r
Dr 2e2bu~r !

]

]r
ebu~r !c~r ,t !, ~3!

where U(r ) is the interaction potential as function of dis-
tance r, and b51/kBT, with kB the Boltzmann’s constant
andT the absolute temperature.

In the SCK approach28 the reaction flux at contact is
assumed to be proportional to the local reactant concentra-
tion at contact. The proportionality constantk0 is the intrin-
sic ~bimolecular! rate constant of the reaction upon contact.
In passing and to be further discussed below, we note thatk0

should relate to the on-contact unimolecular rate constantkr

of the Eigen-Weller fame of reaction, Scheme 1. In the SCK
model the partially absorbing~radiative! boundary condition
is given by

4pDa2
]r

]r
5k0c~a!. ~4!
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For the case ofU(r )50, the DSE was solved by Collins and
Kimball:28

k~ t !5
kSDk0

kSD1k0
F11

k0

kSD
exp~g2Dt !erfc~Ag2Dt !G , ~5!

with the diffusion rate constantkSD :

kSD54pNDa, ~6!

and

g5a21F11
k0

kSD
G , ~7!

wherekSD is the diffusion-limited second-order rate constant
for steady-state conditions at long times after initiation of the
reaction,N is Avogadro’s number, and erfc means comple-
mentary error function.

For a Coulomb potential it is not possible to solve the
DSE analytically using the SCK boundary condition. The
analytic approximation of Szabo29 for the time dependent
rate constant is

k~ t !5
kSDk0e2bU~a!

kSD1k0e2bU~a! F11
k0e2bU~a!

kSD

3exp~g82Dt !erfc~Ag82Dt !G , ~8!

with the steady-state diffusion rate constantkSD now given
by

kSD54pDNaeff , ~9!

and

g85aeff
21F11

k0e2bU~a!

kSD
G . ~10!

The effective radiusaeff is defined as

aeff
215E

0

`

ebU~a!r 22dr. ~11!

The first term in Eq.~8! determines the asymptotic value
reached at long times, which is the steady-state SCK reaction
rate constant:

kSCK
SS 5

kSDk0e2bU~a!

kSD1k0e2bU~a!
, ~12!

and the second term describes the transient value of the re-
action constant. For reactions where the reaction rate con-
stant on contact,k0e2bU(a), is much larger than the
diffusion-limited rate constantkSD , one finds that the initial
reaction rate constant immediately following the onset of the
reaction isk0e2bU(a). The initial reaction rate constant de-
creases with the progress of the reaction until it reaches its
steady-state value at long times,k(`)5kSCK

SS . Both the ini-
tial and the steady-state rate constants are bimolecular rate
constants. In the event of one of the reactants in large excess
over the other, the pseudo- first-order reaction rate constants
at these limits arec0k0e2bU(a) and c0kSCK

SS , respectively,
wherec0 is the concentration of the reactant in excess.22,23,73

C. Relation between bimolecular reaction constant k 0
of Collins-Kimball and unimolecular constant k r
in the Eigen-Weller reaction model

While the intrinsic proton-transfer rate constantkr of the
EW model~Scheme 1; Fig. 1! obeys detailed balancing and
is readily recognized as being part of the overall equilibrium
constant of the reaction:

Keq
ov5k2rk2D /krkD ; ~13!

this is not immediately so with the intrinsic bimolecular rate
constantk0 of the SCK model. The relation between the
bimolecular reaction constantk0 and the unimolecular reac-
tion constantkr was first established by Shoup and Szabo.93

Closely following the derivation appearing in Ref. 93, we
consider wCK , the probability that reactants in the SCK
model generated at contact are actually reacting. Shoup and
Szabo showed that the steady-state SCK reaction rate con-
stantkSCK

SS , given by Eq.~12!, is just the diffusion-limited
rate constantkSD times wSCK, the probability that reactants
at contact form a complex and eventually react:

kSCK
SS 5kSDwSCK, ~14!

or

wSCK5
kSCK

SS

kSD
. ~15!

We have defined the reaction complex in the EW reaction
model as (RO-H̄ B)a ~Scheme 1; Fig. 1!. The probability
that this complex reacts is

w5
kr

kr1k2D
. ~16!

Following Ref. 93, we equatew @Eq. ~16!# with wSCK of Eq.
~15!. It may be done in a unique way when the following
correspondences exist between the SCK and the EW reaction
models:

kSD5kD , ~17!

and

k0e2bU~a!5
kD

k2D
kr5Keqkr , ~18!

meaning that the second-order rate constantk0 of the SCK
model is proportional to the equilibrium constant for the for-
mation of the reactive complex,Keq , times the first-order
rate constant of the EW model for the proton transfer within
the acid-base complexkr .

The equilibrium constant for the formation of the reac-
tion complex can be written as93

kD /k2D5Keq5
4pa3

3
Ne2bU~a!, ~19!

which is Fuoss’s equation for the equilibrium partition con-
stant between contact-separated and infinitely separated ion
pairs.94 N is the number of particles present in 1 cm3 of a 1M
solution of particles and is sometimes referred to as the
Avogadro’s number per mM. Substituting this value ofKeq

in Eq. ~19! we finally relate the bimolecular proton-transfer
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rate constantk0 of the SCK model to the unimolecular
proton-transfer rate constant within the EW reaction
complex:93

k05
4pa3

3
Nkr , ~20!

so kr of the EW reaction model is equal tok0 of the SCK
reaction model multiplied by the relative concentration of the
reaction pair at contact separation. At very high concentra-
tions the physical meaning of the two intrinsic reaction con-
stants may diverge ifc0k0e2bU(a) is larger thankr . To be
consistent with the EW reaction model the~concentration
dependent! bimolecular reaction rate inherent to the SCK
model can only approachkr but not exceed it when the bi-
molecular reaction probability approaches unity. Equiva-
lently, according to the EW model the maximum concentra-
tion of the reactive pair at contact is 1/@(4/3)pa3N# to obey
detailed balancing. However, there is no such a constraint in
the SCK model, where the effective concentration of the re-
actants on contact may assume any value depending on the
bulk concentration and interaction potential used.

D. The survival probability
of the proton donor in presence
of an excess concentration of proton acceptor

The survival probabilitySROH(t) of a proton donor
ROH*, surrounded by an equilibrium distribution of proton-
acceptor molecules with the initial conditionS(0)51, may
be approximated according to the following kinetic equation:

dSROH~ t !

dt
52c0k~ t !SROH~ t !2kwSROH~ t !, ~21!

wherekw is the first-order dissociation constant of the proton
donor ~acid! to the solvent, andc0 is the bulk concentration
of the proton acceptor.k(t) is the time-dependent rate coef-
ficient given by Eq.~5!.

Integrating, the survival probability of the acid is given
by

SROH~ t !5expF2kwt2E
0

t

c0k~ t8!dt8G . ~22!

For the corresponding rise of the photobase (RO2) popula-
tion one has

SRO2~ t !512expH 2kwt2E
0

t

c0k~ t8!dt8J . ~23!

For very high concentrations of proton acceptor when proton
transfer almost exclusively occurs by the direct reaction be-
tween the photoacid and the base@kw!*0

t k(t8)dt8# the de-
cay of the photoacid is given by

SROH~ t !5expH 2c0E
0

t

k~ t8!dt8J , ~24!

and the corresponding rise in the population of the photobase
is

SRO2512expH 2c0E
0

t

k~ t8!dt8J . ~25!

The integral ofk(t), derived from Eq.~5!, has the following
form in the absence of an interaction potential because of
very effective screening@settingU(r )50]:

E
0

t

k~ t8!dt85
kSDk0

kSD1k0
H t1

k0

kSDDg2
@exp~g82Dt !

3erfc~Ag2Dt !12Ag2Dt/p21#J . ~26!

For a screened Coulomb potential it was found22,23 that

E
0

t

k~ t8!dt85
kSDk0e2bU~a!

kSD1k0e2bU~a! H t1
k0e2bU~a!

kSDDg82
@exp~g82Dt !

3erfc~Ag82Dt !12Ag82Dt/p21#J . ~27!

In our experiment, we approximate the potential between the
photoacid ~HPTS! and the proton-base~acetate! by the
Debye-Hückel ~DH! ionic screening law similar to the pro-
cedure outlined in Refs. 73 and 95:

U~r !/kBT5
RD

r

e2kDH~r 2a!

11akDH
, ~28!

with

RD5z1z2e2/ekBT ~29!

and

k258pe2I /ekBT, ~30!

wherekB is Boltzmann’s constant,a is the contact radius,e is
the permittivity of the solution,e is the elementary charge,
k21 is the screening length, andI is the ionic strength, which
in our case is practically equal to the acetate concentration,
andz1521, z2523 are the charge numbers of the acetate
and HPTS, respectively.

E. The survival probability of the proton acceptor

In this study we are able to follow the proton-transfer
kinetics both from the photoacid side and the base side. In
order to describe the kinetics of the acetate base we assume
that any excited photoacid will ultimately transfer its proton
either to the solvent~water! or to the proton base, where any
proton released to the solvent eventually will be picked up
by the base~proton scavenging by the base!.96,97 The sur-
vival probability of the released proton~deuteron! following
acid dissociation to the solvent is given by

dSH1

dt
5kwSROH~ t !2kdlcSH1. ~31!

At high concentration of base the largest fraction of photo-
acid transfers its proton directly to the base. The small frac-
tion of proton transfer via the indirect route of acid dissocia-
tion to the solvent and then proton pick-up by the base in a
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diffusion-limited reaction may be approximated by the
diffusion-limited rate constant of the reaction,kdl ;

96,97

kdl54pD8aeff8 N, ~32!

whereU(r )/kBT is defined in a similar fashion as in Eq.~28!
andaeff8 is given by Eq.~11! andD8 is the relative diffusion
coefficient between the base and the solvated proton.

Finally, the survival probability of the protonated base
(H1Ac) is given by

dSH1Ac

dt
5c0k~ t !SROH~ t !1c0kdlSH1. ~33!

The differential equations for the survival probabilitiesSH1

andSH1Ac @Eqs.~31! and ~33!# may be solved analytically:

SH15exp~2c0kdlt !E
0

t

SROH~ t8!kw exp~c0kdlt8!dt8,

~34!

SH1Ac5E
0

t

@c0k~ t8!SROH~ t8!1c0kdlSH1#dt8. ~35!

Using the expression for survival probability ofSROH(t), Eq.
~22!, we have integrated equations~34! and~35! numerically
to find the survival probability for proton acceptor. At high
concentration of base the proton transfer occurs almost ex-
clusively by direct proton transfer reaction between the acid
and the base@kw!*0

t c0k(t8)dt8 and SH150]. Thus, under
such conditions the rise of the protonated form of the proton
acceptor follows the rise of the conjugated anion of the acid
~photobase! @Eq. ~25!# and is given by Eq.~25a!:

SH1Ac512SROH~ t !512expH 2c0E
0

t

k~ t8!dt8J . ~258!

F. Polarization-dependent signals and anisotropy
decay

When performing UV-pump IR-probe spectroscopy with
linearly polarized pulses one has to take into account the fact
that the electronic and vibrational transition moments can be
pointing to different directions in the molecular frame. This
may lead to pump-probe signals that are polarization depen-
dent. In addition, since the diffusion-controlled proton-
transfer dynamics occur in our experiments with a time scale
similar to that of rotational motions in room temperature
liquids ~several picoseconds up to 1 ns!, these anisotropic
signals may be affected by rotational diffusion. As a result
we have taken this into account by assuming that HPTS, in
both photoacid and photobase form, is a symmetric rotor, and
that for both forms the rotational diffusion axes, as well as
rotational diffusion time constant do not change upon the
transfer of a proton/deuteron. In this simplified case we can
use a simple expression for the time-dependent rotational
anisotropyr (t):

r ~ t !5 2
5P2@cos~l!#exp~2t/6Drot!, ~36!

where the rotational correlation timet rot is connected to the
rotational diffusion time constantDrot through the relation
t rot51/(6Drot), and the P2(x) denotes the second-order
Legendre polynome ofx. The anisotropy is described the

angle l between the optical transition dipole moment of
HPTS photoacid and the infrared transition dipole moment
of either photoacid or photobase vibrational bands. In reality
the expression for the rotational anisotropy of HPTS, being
in fact an asymmetric rotor, is more complex, consisting of
five different exponentially decaying functions, and several
products of direction cosines of the optical and infrared tran-
sition dipoles with respect to the principal rotation axes.98 In
addition, one has to include in general the possibility of dif-
ferent rotational principal axes for photoacid and photobase
species, as well as different rotational diffusion constants.99

Since both photoacid and photobase species form a similar
number of hydrogen bonds with the solvent through the sul-
fonate and C-O groups, the structure is almost equal, and the
mass is almost identical, we expect that for both species the
rotational principal axes and the rotational diffusion time
scales to be very similar. Since the acetate orientation will be
random with respect to the photoacid optical transition mo-
ment from the beginning of the time-dependent reaction, we
do not have to include any anisotropy dependencies into the
interpretation of the acetic acid marker mode.

The polarization-dependent UV-pump IR-probe signals
as function of pulse delayt are then fully described by

Spar~ t !5 1
3S~ t !@112r ~ t !#, ~37!

Spar~ t !5 1
3S~ t !@12r ~ t !#, ~38!

with Spar(t) the pump-probe signal for parallel polarization
configuration andSper(t) for perpendicular polarization of
the UV-pump and IR-probe pulses.

III. EXPERIMENTAL METHODS

We used femtosecond mid-infrared~mid-IR! spectros-
copy after reaction initiation with an optical trigger pulse to
follow specific infrared active vibrational marker modes,
present at the proton-donor~either in photoacid or photobase
form! and proton-acceptor sides~indicating the conjugate
acid of acetate, acetic acid!. The second harmonic of a home-
built 1 kHz amplified Ti:sapphire laser system~wavelength
400 nm, pulse duration 55 fs, energy 3–7mJ, spot diameter
200mm! was used to excite a 100mm thick jet of the sample
solutions. Tunable mid-infrared probe pulses of 100–150 fs
duration were generated by difference frequency mixing of
signal and idler pulses from a near-infrared optical paramet-
ric amplifier.100 After spectral dispersion with a polychroma-
tor the probe pulses were detected by a multichannel detector
for the mid-IR.

The technique used to acquire fluorescence decay signals
was time-correlated single-photon counting, using a Ti:sap-
phire laser~Tsunami pumped by a Millenia X, both pur-
chased from Spectra-Physics! operated at 82 MHz, 1 ps
pulses, wavelength 400 nm!. The photocounting data were
recorded at 3.14 ps/channel with instrument response func-
tion having a full width at half maximum of 20–23 ps.101

UV-visible absorption measurements were performed us-
ing a Hewlett-Packard 8452A diode array spectrophotometer
with the spectral resolution of the measurements of 0.2 nm.
The steady-state fluorescence experiments were carried out
on a SLM-AMINCO-Bowman2 spectrophotometer. Typi-
cally, five to nine measurements were taken and averaged for
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each spectrum. The blank recording was then subtracted
from the averaged spectra and the resulting spectra were cor-
rected.

We used 20 mM solutions of HPTS~8-hydroxy-1,3,6-
trisulfonate-pyrene, Aldrich! in deuteriumoxide ~Deutero
GmbH, 99.8% deuteration grade!. Potassium acetate~Ald-
rich! was used in the studies as the proton acceptor base in
the concentration range of@(0.25– 4)M #. A small amount of
deuterated acetic acid (CH3COOD, Aldrich! was added to
ensure that HPTS was present in the ground state in the acid
form. ~Since we use small amounts of acetic acid, less than
0.05M H-contamination does not occur, as confirmed in ad-
ditional check experiments.! The methoxy derivatives of
HPTS, MPTS ~8-methoxy-1,3,6-trisulfonate-pyrene, Ald-
rich!, was used as a control in steady-state measurements.

All measurements were performed at room temperature,
T52562 °C.

IV. RESULTS AND DISCUSSION

A. Steady-state UV-VIS spectra

We have conducted steady-state UV-VIS spectral mea-
surements of HPTS in solutions containing potassium acetate
in concentrations up to 9M . We have observed a red shift of
1.3 nm, 2.6 nm, 3.5 nm, and 4 nm in the electronic absorp-
tion spectra of HPTS at 1M , 4M , 6M , and 9M of potas-
sium acetate, respectively, showing a saturation effect as ex-
pected when assuming direct complexation reaction between
the base and the photoacid in the electronic ground state. In
comparison, the absorption spectra of HPTS taken in 4M
KCl in H2O ~limit of solubility of KCl is 4.15M at 25 °C!
has yielded a much smaller red shift in the absorption spectra
of ;0.5 nm~Fig. 3!.

We have also measured as an alternative check the ab-
sorption spectra of the methoxy derivative of HPTS~MPTS!
in the same set of solutions. In MPTS the hydroxy group is
replaced with a methoxy group, so MPTS cannot form
hydrogen-bonding complexes with acetate. Figure 4 com-
pares between HPTS and MPTS and shows the practically
negligible spectral shift when adding 6M acetate to a solu-
tion of MPTS. We have observed by the same spectral
method the complexation of HPTS with the formate base in
water, so the complexation with the acetate base was not
found to be unique. To verify whether a 1:1 complexation
between HPTS and the acetate base occurs, we fitted each
absorption spectrum of HPTS in potassium acetate solution
as being made of two spectra with varying relative weights:
one was the spectrum of HPTS in pure water, and the other
the absorption spectrum of HPTS in 9M solution of potas-
sium acetate where full complexation was assumed in the
ground state of HPTS. All absorption spectra of HPTS up to
9M of acetate concentration were fully reconstructed with no
additional fitting parameters. Figure 5 shows a representative
reconstruction of the HPTS absorption spectrum in 3.4M so-
lution of potassium acetate in which case the two forms of
HPTS, complexed and uncomplexed, were found to be in
roughly equal amounts.

The relative contributions of the two species of HPTS
found as function of the acetate concentration up to 9M ac-
etate are subject to a 1:1 complexation process between
HPTS and acetate with a complexation constantKHB

50.28M 21 ~Fig. 6!.
We have also extracted the complexation constant by

comparing the amplitude of the initial component relative to
the total acetic acid signal in the IR-time-resolved measure-
ments. The following relative fractions of HPTS directly

FIG. 3. The absorption spectra of HPTS in water and in aqueous solutions
of 4M KAc and 4M KCl. FIG. 4. UV-VIS absorption spectra of HPTS and MPTS measured in water

and in 6M aqueous solution of potassium acetate.
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complexed to acetate have been deduced: 0.54 in 4M , 0.39
in 2M , 0.24 in 1M , and 0.11 in 0.5M solutions of potassium
acetate; no detectable initial fraction was observed in 0.25M
acetate.88 We obtain from this analysis a complexation con-
stant of 0.3M 21, which is practically identical to the com-
plexation constant derived from the analysis of the optical
spectral shift in the absorption spectra of HPTS.

The equilibrium constant found for the complexation
process between HPTS and acetate corresponds to a free en-
ergy of complex formation of about 0.7 kcal/mol. Interest-
ingly, recent calculation of the free energy of formation of
the hydrogen bonding complex between the acetate base and
phenol in pure water resulted with the value of 3.6 kcal/mol.
For the less-polar solvent dimethylsulfoxide~DMSO! the
corresponding value was calculated to be 1.3 kcal/mol.102

The calculations were made for the formation of the 1:1 hy-
drogen bonding complex between phenol and acetate with a
similar configuration to the one depicted in Fig. 2. Although
this theoretical study may serve as a support for our assign-
ment of the complexation constant between HPTS and ac-
etate to the formation of the directly linked acid-base com-
plex with no water molecules in between acid and base, one
should keep in mind the important differences between
HPTS-acetate and phenol-acetate systems. HPTS is a much
stronger ground-state acid than phenol (pKHPTS'7 at 1M
acetate whilepKph'9.9 in pure water!. In addition, the com-
plexation constant of HPTS was measured in concentrated
strong electrolyte solution for which a considerable change
in the thermodynamic properties may occur compared those
in the pure solvent environment. Finally, HPTS is triply
charged, whereas phenol is a neutral molecule, which may
affect the extent of the interaction with the negatively
charged acetate ion. However, at above 1M concentration of

a strong electrolyte we expect the charge of HPTS to be
effectively screened and its interaction to resemble the inter-
action of a neutral photoacid.72

In passing, we note that the complexation constant be-
tween phenol and acetate in water is expected to be much
larger in less polar aprotic solvents such as DMSO and ac-
etonitrile. This has indeed been verified experimentally103,104

in acetonitrile, where a complexation constant of about 660
was measured for the phenol-acetate hydrogen-bonding com-
plex. When comparing with almost any other solvent, it is
much more difficult to create stable hydrogen-bonding com-
plexes in water. In fact, in water a direct hydrogen bond
between a complexing base and an acid must replace at least
two existing hydrogen bonds which the acid and base each
form separately with the solvent, thus making direct com-
plexation between the acid and base typically an unfavorable
process in dilute aqueous solutions. Only in the case of
highly concentrated aqueous solutions of carboxylic bases it
is possible to form direct hydrogen-bonding complexes be-
tween the photoacid and the base.72,88

B. Transient IR spectra of HPTS in D 2O

In our previous report88 we have indicated that the most
significant changes between the IR spectra of electronic
ground-state photoacid and photobase occur in the 1250–
1600 cm21 frequency range, where vibrational bands of
modes with aromatic ring and/or C-O stretching activity are
found ~whereas bands between 950 and 1250 cm21 are asso-

FIG. 6. Ratio of hydrogen-bonded to unbonded populations vs concentra-
tion of KAc. Diamonds: from the absorption spectra of HPTS,K50.28M .
Circles: from the initial amplitudes of the time-resolved IR measurements
~Ref. 87!, K50.3M 21. Squares: from the initial amplitudes of the time-
resolved IR measurements, this work~Table I!, K50.26M 21. The slope of
the fitting line is equal to the complexation constant for the steady-state
measurements.

FIG. 5. The fitted spectrum of the absorption spectra of HPTS in 3.4M KAc
by linear combination of two weighted absorption spectra of HPTS in water
and in 9M KAc with weighting coefficients of 0.56 and 0.46, respectively.
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ciated with motions of the SO3
2 groups!. Indeed, substantial

absorbance changes occur in the same upper part of the fin-
gerprint region for the photoacid and photobase in the elec-
tronic excited state~see Fig. 7!.

We allocate88 a transient band at 1486 cm21, which ap-
pears upon electronic excitation of HPTS within time reso-
lution, to be indicative of the photoacid in theS1 state, and a
band at 1503 cm21, which grows in on a time scale of sev-
eral hundreds of picoseconds in the case of HPTS in D2O ~no
acetate added!, to be a marker for the deuteron transferred
HPTS ~photobase! in the S1 state. The photoacid band at
1486 cm21 is replaced by a photobase band at the same
frequency with a weaker transition moment, indicating that
the transition is likely to be due to the same vibrational
mode. We refrain from analyzing the signals more thor-
oughly because of the overlap of the bands for the photoacid
and photobaseS1 states. We have measured the signals at
parallel and perpendicular polarizations to correct for rota-
tional anisotropy decay~Fig. 8!. Analysis of the data shown
in Fig. 8 using Eqs.~36!–~38! leads to the finding that the
infrared transition dipole moment of the HPTS photoacid
band at 1486 cm21, with its almost identical dynamical be-
havior for parallel and perpendicular polarization configura-
tions, is about 50° tilted from the optical excitation transition
dipole moment, i.e., very close to the magic angle. On the
other hand the transition dipole moment of the photobase
band at 1503 cm21 is closer aligned in the direction of the

optical transition dipole moment of the photoacid electronic
excitation~angle 30–35°!. The time constant for anisotropy
decay is about 150630 ps, assuming spherical rotational dif-
fusion. The deuteron transfer has been found to occur with a
250 ps time constant (T52562 °C), in accordance with
previous reports.105

We have studied the deuteron transfer dynamics of
HPTS to acetate as a function of acetate concentration in the
range of (0.25– 4)M of acetate. By probing these photoacid
and photobase IR marker modes we are able to observe when
the deuteron leaves the photoacid. We have inspected the
dynamics of the IR active CvO stretching mode of acetic
acid located at 1720 cm21 to monitor when the deuteron
arrives at the accepting base~Fig. 7!. Detection of the rise of
the latter acetic acid absorption band serves as a direct mea-
sure for the fraction of acetic acid generated by deuteron
transfer, since no other species~HPTS photoacid and photo-
base or the acetate base! contributes in this frequency range.
In the case of the photoacid and photobase bands around
1500 cm21, overlap of absorption bands does occur. We have
used singular value decomposition to extract the dynamics of
these bands.

As already been reported by us,88 the deuteron transfer
reaction as reflected by the transient appearance of the acetic
acid band was found to be bimodal. For acetate concentra-
tions between 0.5M and 4M , an initial population of the

FIG. 7. Transient spectra of HPTS acid and base forms~1350–1600 cm21!
are shown in panel~a! in D2O ~no acetate!, and in 0.5M ~b! and 1M ~c!
solution of acetate; note the opaque region due to steady-state absorption of
acetate between 1650 and 1520 cm21 for cases~b! and ~c!. The transient
increase of acetic acid signal is shown for 0.5M ~b!, 1M ~c!, and 4M ~d!
solutions of acetate~1650–1780 cm21!. The steady-state IR spectra of acetic
acid and acetate anion in D2O are depicted in panel~e!.

FIG. 8. Transient band intensities of HPTS in D2O showing the influence of
the rotational anisotropy decay on the photoacid~1486 cm21! and conjugate
photobase~1503 cm21! bands. Solid lines denote the response for parallel
polarization direction of UV-pump and IR-probe pulses, dashed lines indi-
cate the perpendicular configuration.
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acetic acid~the amplitude depends on the acetate concentra-
tion! appears within time resolution of 150 fs, to be followed
by an additional, much slower, rise of the acetic acid signal
that at long times follows the diffusion-encounter reaction
model. We have previously analyzed this part of the proton-
transfer reaction using the SCK model assuming fully
screened potential@U(r )50, Eq. ~26!#.88 The rationale be-
hind this analysis was the very high concentration of strong
electrolyte present in the solutions of the photoacid. The
value of 1/kDH51.5 Å calculated for the screening length at
4M acetate is so small that the effect of the potential is
altogether marginal at such high concentrations. Clearly, the
importance of the potential increases with the decrease in the
electrolyte concentration. In the present report we have stud-
ied solutions down to 0.25M of electrolyte, and thus we have
decided to use the DH ionic screening potential throughout
the concentration range down up to 4M of acetate in order to
keep the analysis consistent for all concentrations.

We have found the amplitude of the initial fast rise of the
acetic acid signal to be concentration dependent. Figure 9
shows the bimodal rise of the experimental acetic acid signal
in D2O solutions containing 2M and 4M of acetate base.
Figure 9 also shows data fits using the SCK-Szabo model

with screened Coulomb potential, Eqs.~25a! and~27!, using
the DH ionic screening law, Eqs.~28!–~30!.

The values for the physical parameters necessary for the
kinetic calculations using the SCK-Szabo model have been
taken from previous studies95,105 and have been assumed to
be fixed reaction parameters for each given solution of HPTS
and acetate~Table I!. The following values of the diffusion
coefficient have been used to account for the change in the
solution viscosity at different concentrations of potassium
acetate,D5(0.6– 1.3)31029 m2 s21. We have used the lit-
erature values ofa56.3 Å and RD521.3 Å ~Refs. 95 and
105! for the contact separation and the Debye radius, Eq.
~30!, for the direct proton-transfer reaction between HPTS
and acetate, respectively. Taking into account the ionic
screening effect, we have obtained values for 1/kDH

56 – 1.5 Å, and ofaeff53.3– 5.7 Å for the acetate concentra-
tion range of (0.25– 4.0)M .

Figure 9 shows that the data fits using the SCK model
for the diffusive part of the deuteron transfer reaction do not
reproduce accurately the observed kinetics of the rise of the
acetic acid signal at high acetate concentrations. The quality
of the data is considerably improved by adding a static reac-
tion component to the SCK model, Fig. 10. The implication
of this observation will be discussed below in the following
section.

For the lower concentration range of acetate, also shown
in Figs. 10 and 11, we have observed, as considered in Refs.
96 and 97, an increasing influence of the indirect deuteron
transfer mechanism where the photoacid first dissociates to
the solvent and then the deuteron is picked up by the acetate
base in a diffusion controlled reaction, Eqs.~31!–~35!. To
account for the scavenging process, the following reaction
parameters were used for the direct acetate-deuteron reaction
D85(5.4– 6.8)31029 m2 s21, a855.5 Å, RD8 57.1 Å, and
effective reaction radiusaeff8 5(6.7– 6.1) Å for the acetate
concentration range of (0.25– 1.0)M , see Table I and Refs.
73, 96, and 97.

The fits to the experimental data have been optimized by
a global run over the full range of acetate concentrations
@(0.25– 4)M #. Figure 9 portrays data fits using a uniform
value for the intrinsic SCK rate constant at contact for all
acetate concentrations,k05(12.561 ps)21M 215(861)
31010M 21 s21. Using this value fork0 , the initial pseudo-
first-order rate constant at contact,c0k0e2bU(a), has been
found to be~6 ps!21 and~14 ps!21 at 4M and 2M of acetate,
respectively, in a similar range of the values of~7.5 ps!21

and ~15 ps!21 found by assuming full screening.88

FIG. 9. Transient experimental band intensities of the acetic acid for specific
acetate concentration~dots, triangles!. Solid lines are calculated curves with
the instrument-limited rise components of 0.54 in 4M and 0.39 in 2M using
the SCK model, Eqs.~25a! and ~27!. The parameters used in the fit are
summarized in Table I.

TABLE I. Parameters of the fits of the short delay scans up to 150 ps.

c @M #
Amplitude

~Tight complex!
Amplitude

@exp(2t/6 ps)#
aeff

~Å!
aeff8
~Å!

aD
(1029 m2 s21)

bD8
(1029 m2 s21)

kw

~s21!
k0

(M 21 s21)

4 0.5 0.25 5.7 0.6
2 0.33 0.15 5.2 0.9 (861)31010

1 0.22 0.07 4.7 6.1 1.1 5.4 2.93 109

0.5 0.09 0.05 4.0 6.4 1.2 6.5 3.33 109

aD5DAc21DHPTS.
bD85DAc21DD1 .
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With addition of a static reaction component to the SCK
model we achieve a substantial improvement of the fits at
4M and 2M of acetate~Fig. 10!; thex2 value of the 4M fits
decreases from 16 to 3.4. The following relative amplitudes
of the static reaction rate component of 6 ps duration have
been used in the data fits: 0.25 in 4M , 0.15 in 2M , 0.07 in
1M , 0.05 in 0.5M , and 0.03 in 0.25M . We attribute this
static component in the diffusion influenced deuteron trans-
fer reaction to the fraction of weakly interacting pairs already
at close range to~but not directly complexed to! each other at
the time of the initiation of the reaction, so the subsequent
reaction will be not delayed by diffusion. The reaction rate of
this fraction of molecules is directly related to the unimo-
lecular recombination rate constant of the acid-base com-
plex, kr , of the Eigen-Weller model and can be identified
with kr if one assumes that it represents the unimolecular
reaction rate of acid-base encounter pairs separated by the
contact distancea. The validation of the correspondence be-
tween k0 and kr has been sought for long time in proton-
transfer reactions where contact recombination has been for
long considered an excellent assumption, as opposed to elec-
tron and energy transfer reactions where reactive pairs inter-
act over relatively long distances with reaction rates that are
distance dependent. The assignment is self-consistent with
the data fits of the diffusive part of the proton-transfer reac-
tion which have yielded an intrinsic SCK rate constant of
k05831010M 21 s21. By Eq. ~20! we find for the proton-
transfer rate of the acid-base complex at contact separation,
kr , kr51.6M3k051.331011s21 which translates to a static
~exponential! component of about 7 ps independent of the
bulk concentrations of the acid and base. This value agrees
well with the 6 ps~exponential! component that we have
found in the rise kinetics of the acetic acid signal~Fig. 10!.

C. The long time reaction regime and the approach
to steady-state diffusion-assisted reaction kinetics

The most important phase in acid-base reactions at low
concentrations is the relatively long time regime where the
bulk of the reaction is carried out with a steady-state rate
constant. In the present study we have investigated both the
very short and the long time regimes of the acid- base reac-
tion between HPTS and acetate. Since the long time regime
is also accessible to optical probing it is important to verify
that the transient IR measurements at long times matches
with the high-sensitivity single-photon-counting measure-
ments taken at similar experiment conditions. We have thus
extended the time scale of the transient IR measurement to 1
ns for the low and intermediate concentrations of acetate
@(0.25– 1)M #. We have first compared measurements of the
rise of the CvO band of acetic acid at 1720 cm21 ~Fig. 11!
with the rise of the HPTS-photobase IR band at 1503 cm21

~Fig. 12!. The kinetics are shown in Fig. 12 after correction
for the fluorescence lifetime and for rotational anisotropy
effects on the photobase band.

For concentrations of 1M of acetate comparison of the
rise times of the photobase and the acetic acid signals shows
that direct deuteron scavenging by the base dominates the
deuteron transfer dynamics, and as such both transients can
adequately be described by Eq.~25a! using an identical value
set of reaction parameters. As a result, we can safely assume
that for higher concentrations of base the direct scavenging
mechanism dominates~we cannot measure the photobase
1503 cm21 band at higher concentrations because the solu-
tions become opaque at this frequency due to a nearby
steady-state band of acetate.! In contrast, for lower concen-
trations of acetate we have observed that the photobase sig-
nal, as described by Eq.~23!, rises with faster rate than the
acetic acid signal, as described by Eq.~35!. This observation
indicates an increasing importance of the indirect deuteron
transfer mechanism at lower base concentrations, where the
photoacid first dissociates to the solvent after which the deu-
teron is picked up by the acetate base in a diffusion con-
trolled reaction.

The calculated kinetic responses appear to mimic the

FIG. 10. Transient experimental band intensities of the acetic acid for spe-
cific acetate concentration~dots!. Solid lines are calculated curves with
static components and diffusive part according to Eq.~25a! with the param-
eters summarized in Table I.

FIG. 11. The rise of the acetic acid taken over an extended period of time.
Solid lines are calculated curves using Eq.~35! with parameters summarized
in Table II.

9605J. Chem. Phys., Vol. 121, No. 19, 15 November 2004 Bimodal proton transfer

Downloaded 30 Nov 2004 to 132.72.138.1. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



observed time-dependent signals for both HPTS-photobase
and acetic acid bands in a consistent way~Figs. 11 and 12!.
The analysis of the relatively slow kinetics of the deuteron
transfer below 1M has—with considerable confidence—
resulted with an estimation of the intrinsic deuteron transfer
rate ofk05(961)31010M 21 s21, within uncertainty range
equal to the directly determined rate constant derived from
fitting the results obtained on solutions with above 1M ac-
etate concentrations. We conclude from this that transient IR
spectroscopy is a reliable measurement technique for chemi-
cal reaction dynamics from about 150 fs to 1 ns, a time range
of about four orders of magnitude. The 1 ns time scale is
easily accessible to high-resolution time correlated single-
photon counting techniques~TCSPC techniques!. We have
collected the time resolved fluorescence of the photoacid at
420 nm, detuned from the fluorescence peak of the photoacid
to avoid the small overlap with the fluorescence of the pho-
tobase. The time-resolved data have been recorded with an
instrument response function~IRF! of about 20 ps. Figure 13
shows the time-resolved emission of HPTS in D2O at a con-
centration of 1M of acetate. As reported previously by Pines
et al. on measurements carried out in H2O,72 the measured
decay of the photoacid is reasonably described by one decay-
ing exponent with a pseudo-first-order rate constantk8
5(105 ps)21 after IRF deconvolution~Fig. 13!. A double
exponential fit would improve the quality of the fit by about
10%~where the second component has 7% of total amplitude
and 20% faster decay than first component!. This is because
the partial masking of the acid-base dynamics by the parallel
proton-transfer-to-solvent reaction of the photoacid and the
effective diminishing of the geminate recombination reaction
between the HPTS anion and the proton~deuteron! due to

the very efficient proton~deuteron! scavenging by the acetate
base and to almost complete ionic screening.96,97 To show
that this apparent near-exponential decay of the TCSPC sig-
nal is consistent with the multiphase dynamics found in our
femtosecond-time-resolved IR measurements, we used Eq.
~22! with kinetic parameters found by the IR measurements
to generate the full survival probability of the excited HPTS,
SROH(t) ~assuming that under these reaction conditions deu-
teron geminate recombination does not contribute to the de-
cay function of the photoacid, a fairly correct assump-
tion73,96,97! and convoluted it with the IRF of the TCSPC
system.

The resulting fit between the measured~points! and
simulated~solid line! signals is shown in Fig. 14. The overall
accuracy of the fit remains impressive even when the experi-
mental data are shown on a logarithmic scale covering more
than three decades of signal amplitude. The bimodal nature
of the reaction is completely masked by the limited time
resolution of the TCSPC experiment. Moreover, since in this
experimentk(t) becomes practically equal tokSCK

SS after
about 50 psSOH(t) decays in exponential fashion from about
50 ps onwards with a pseudo-first-order rate constant equal
to kW1c0kSCK

SS 5(350 ps)211(152 ps)215(105 ps)21,
wherekw is the deuteron transfer rate from HPTS to D2O in
presence of 1M potassium acetate,kSCK

SS is the steady-state
SCK reaction rate constant between acetate and HPTS,
Eq. ~12!, and c051M . We conclude that at long times
our measured IR signal is practically identical to the
measured optical decay of the photoacid by the TCSPC
technique.72 It should also be clear that the magnitude ofkr

could only be roughly estimated at very high acetate concen-
trations by the TCSPC technique due to limited time
resolution.72 On the other hand, the very high dynamic range

FIG. 12. The rise of the photobase signal corrected for rotation and the
excited state lifetime. Solid lines are calculated curves according to Eqs.
~23! and ~27! with the parameters summarized in Table II.

TABLE II. Parameters of the fits of the long delay scans up to 1000 ps.

c @M #
Amplitude

~Tight complex!
Amplitude

@exp(2t/6 ps)#
aeff

~Å!
aeff8
~Å!

D
(1029 m2 s21)

D8
(1029 m2 s21)

kw

~s21!
k0

(M 21 s21)

1 0.22 0.07 4.7 6.1 1.1 5.4 2.93109

0.5 0.09 0.05 4.0 6.4 1.2 6.5 3.33109 (961)31010

0.25 0 0–0.03a 3.3 6.7 1.3 6.8 3.73109

aNo apparent change in the accuracy of the data fit in this amplitude range.

FIG. 13. TCSPC decay of the HPTS photoacid measured in 1M acetate
base solution in D2O ~squares! on a logarithmic scale. The data are fitted by
convoluting decaying exponent~t5105 ps! with the instrument response
function ~dots! x250.81.
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of the TCSPC signal does allow the detection of nonexpo-
nentiality in the diffusive part of the decay signal of the
photoacid such as reported by Cohenet al. for the
2-naphthol-6-sulfonate reaction with sodium acetate in
water/glycerol solutions.74,75 We conclude the discussion in
this section by stating that we demonstrate in the current
work that time-resolved IR measurements are a powerful ex-
perimental approach for monitoring diffusion influenced re-
actions from the earliest onset on a time scale of 150 fs to
long reaction times up to 1 ns, when the reactions assume
steady-state behavior. We expect that time-resolved infrared
spectroscopy will become a powerful tool for monitoring the
reaction progress in a broad range of chemical reactive sys-
tems.

V. THREE-STAGE REACTION MECHANISM
FOR GENERAL ACID-BASE REACTION

The model of acid-base reactions in aqueous solutions,
which emerges from our observations, indicate a more com-
plex reaction scheme than what was traditionally envisioned
by the Eigen-Weller model. We have identified bimodal be-
havior not considered by this traditional EW model. Bell
indicated in 1980 that a three-stage proton-transfer scheme is
consistent with Marcus treatment of proton transfer.89 In-
deed, in view of our recent observations the traditional
proton-transfer rate on contact (kr in the EW context! must
be regarded as an outer sphere~overall! rate constant. In our
experiments the actual on-contact~intrinsic! rate constant has
been found to be at least two orders of magnitude faster. A
possible way to take into account these observations is by
extending the EW model from a two-stage to a three-stage
reaction scheme as was considered by Bell.89 In the first

stage of the reaction, the acid and base form a ‘‘loose’’ en-
counter complex each retaining its water solvation shell. This
stage is governed by diffusion and the encounter complex is
described by the contact distancea. The second stage of the
reaction occurs within the contact volume and is largely con-
trolled by the solvent. We propose that the time scale for the
second reaction stage is due to a possible small activation
barrier and to—more importantly—solvent reorganization
dynamics. The observed time constant of 6 ps is slightly
faster than the Debye relaxation time of water~which is
about 10 ps!, but still slower than the longitudinal relaxation
time tL ~which has a value of about 0.5 ps!. This intermedi-
ate reaction stage is relatively slow compared to the final,
inner sphere reaction stage of the proton transfer which we
have found to be faster than 150 fs.

We thus propose the following three-stage proton-
transfer reaction scheme outlined below as a possible general
mechanism for proton transfer in acid-base reactions in aque-
ous solutions~Scheme 2, Fig. 15!:

FIG. 15. Proposed refined Eigen-Weller model with a three-stage mecha-
nism consisting of diffusion, encounter, and reaction stages. The Eigen-
Weller ‘‘on-contact’’ reaction ratekr is to be understood as a rate for solvent
shell reorganization during which the loose encounter complex reforms to a
directly bound reactive tight complex, which promptly transfer a proton
along the reaction coordinate with ratekPT .

FIG. 16. Alternative explanation for the slower on-contact reaction ratekr

found for the loose encounter complex. Here the proton transfer proceeds
along a water network~water wire! through a von Grotthuss mechanism,
with kGrotthuss5kr .

FIG. 14. TCSPC decay of the HPTS photoacid measured in 1M acetate
base solution in D2O ~squares! shown on a linear~a! and on a logarithmic
~b! scale. Dashed and dot line is calculated decay using Eqs.~22! and~27!,
solid line is the convolution of Eq.~23! with the instrument response func-
tion ~dots!. The reaction parameters used in the calculation are taken from
the analysis of the time-resolved IR experiment,x252.9.
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Diffusion stage Encounter stage Reaction stage

kD kr kpt

ROH1B � ~ROD•••~D2O)n•••B)loose � (RO2D•••B!tight�~RO•••D2B!tight
k2D kd k.pt

Scheme2

Here loose and tight complexes indicate the solvent sepa-
rated and directly linked acid-base complexes. The steady-
state rate constant of a three-stage reaction model is
straightforward:92

kf5
kPTkDkr

kdk2D1kPT~kr1k2D!
. ~39!

According to our findingskPT is likely to be much larger
than all other rate constants when the proton transfer reaction
is exothermic,kPT@kD , kr-k2D , making

kf'
kDkr

kr1k2D
, ~40!

which is the observable reaction rate identical to the overall
two-stage reaction rate constant of Eigen and Weller, Eq.~1!.
As discussed before,kr is related tok0 according to

kr5
k0

4pa3

3
N

, ~208!

and is usually assumed to be larger than the rate constant for
the separation of the reactant by diffusion,k2D . This allows
to make an additional approximation which is most com-
monly used for the favorable direction of a reversible acid-
base reaction,kf5kD . In our experiment we have foundkr

5(6 ps)21, which within our experimental conditions of
concentrated electrolyte solutions is in line with this assump-
tion. We note that at infinite dilutionk2D of the HPTS-
acetate system is extremely large@~3 ps!21# due to the large
Coulomb repulsion between the negatively charged HPTS
and the acetate anion. In this casek2D.kr and the overall
proton-transfer rate is expected to be considerably smaller
than the diffusion-controlled rate although the proton-
transfer reaction is exothermic.

As we already discussed in great detail, we have found
the proton transfer that tight complexes of the photoacid and
the acetate base occurs in within 150 fs. One can consider the
kinetics of such ultrafast acid-base reactions to take place in
three different concentration regimes. Whenk0 ~andkr) are
large compared to diffusion, reaction rates measured at low
concentrations will only reveal the diffusion-limited rate
constantkD . Raising the concentration to intermediate val-
ues can potentially reveal the encounter stage reaction rate
between the acid and base,k0 andkr . Measurements in this
concentration range will potentially result in estimation of
time-dependent rate constants.73–75 Using the SCK reaction
model one would determine the value of the bimolecular
encounter stage rate constantk0 or, alternatively, using the
EW model, the through-solvent unimolecular rate constant

kr . Raising the concentration even further may result in the
formation of tight acid-base complexes through hydrogen-
bonding interactions.106 Experiments in this concentration
range may thus result in the measurement of the most inner
proton-transfer rate constant.88 This three-stage reaction
scheme is consistent with the observation of Eigen and
Weller of the large contact distance found in many diffusion-
controlled acid-base reactions. For example, the self-
neutralization reaction of water (OH21H1→H2O) was
found by various groups to proceed with an apparent large
reaction distance of 6–8 Å as in Refs. 11, 33, and 107.
Similar values of contact distance were found in studies of
ground-state acid-base reactions2,11,12 and in excited-state
photoacid proton dissociation.13,72–76,105

Other possible reaction pathways for proton transfer,
which may also take our observations into account, should
also be considered. The proton may be transferred from the
acid to the base concertedly through the solvent, or by mov-
ing sequentially in a von Grotthuss–type fashion~Fig. 16!,
through the hydrogen-bonding network connecting between
the acid and base.54 The first mechanism should be regarded
as purely through solvent, without an additional inner step.
The second mechanism contains at least one additional inner
proton transfer stage, even though in this reaction scenario
the acid and base, although connected by hydrogen bonds,
are not in direct contact to each other, unlike we have out-
lined in Scheme 2.

The research of the various mechanisms by which the
proton is transferred between proton acids and proton bases
in aqueous solutions has been receiving important support
from recent theoretical investigations. Ando and Hynes108

studied the HF dissociation-recombination reaction and con-
cluded in favor of a three-stage proton-transfer reaction.
They have found the concerted reaction mechanism upon
diffusional encounter to be energetically unfavorable com-
pared to a stepwise proton-transfer reaction. A similar con-
clusion was drawn by the same authors in the study of HCl
and HBr proton dissociation reaction.41,109,110 Geissler
et al.35 showed that proton transfer along preexisting hydro-
gen bonds in water may be as fast as 100 fs even for the very
weak acid H2O. In the present study we have demonstrated
that time-resolved IR spectroscopy is an exquisite tool to-
wards achieving the goal of elucidating experimentally this
long-standing paradigm of solution chemistry.
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