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Reversible bimolecular chemical reactions of the ABh A + B type were predicted theoretically to deviate
from exponential kinetics, obeying convolution kinetics at intermediate times and ultimately approaching
equilibrium as a power law,t-3/2, with a concentration-dependent amplitude. By careful application of time-
resolved fluorescence methods, we verify these predictions for excited-state proton transfer from 2-naphthol-
6,8-disulfonate to acidified water. The variation of the asymptotic amplitude with concentration is due
predominantly to screening of the proton-anion Coulomb potential, and this masks the many-body effects
on reversible binding itself. Better signal-to-noise in the long-time tails is required for clearly establishing
the asymptotic behavior.

1. Introduction

Chemical reactions occur over a vast range of time scales.1

Chemists routinely monitor reactions from femtoseconds (fs)
to hours. Historically, only slow chemical reactions could have
been monitored in the time domain, with samples regularly
withdrawn to determine concentrations. The slowness of such
monitoring processes could be overcome by spectroscopic
methods. The tumble-stone then involved the requirement for
fast initiation of the reaction. An important revolution in this
respect came with the development of the relaxation techniques
by Eigen and co-workers. For example, a temperature jump
instantly modifies the reaction rate coefficients causing the
chemical system to relax to a new equilibrium state. This
enabled monitoring chemical reactions on the microsecond time
scale. The method has been applied intensively to proton-transfer
reactions.2 Its results have led to the general understanding that
for fast bimolecular chemical reactions in solution, diffusion
cannot be separated from the chemical reaction step, and
therefore the steady-state rate coefficients contain contributions
from both processes.

The introduction of flash lamps, synchrotron radiation, and
eventually short laser pulses again revolutionized chemical
kinetics, enabling ultrafast initiation of ultrafast chemical
reactions. Ground-state reactions may then be monitored by
transient absorption, and excited-state reactions may be moni-
toried by time-resolved fluorescence.3 One such monitoring
technique involves time-correlated single-photon counting (TC-
SPC), recording first photon arrivals from the sample to the
photomultiplier. Although limited in its picosecond time-
resolution, it has extraordinary dynamic range and sensitivity,
allowing the recording of signals over nearly five decades in
intensity. With this kind of sensitivity, it becomes clear that it

is not only the reaction rate coefficients that need be modified
to include the effect of diffusion. The time evolution of
concentrations of reactants or products of bimolecular reactions
in solution can no longer be described by conventional
exponential kinetics.

Our prototype ABh A + B reaction involves proton-transfer
from the excited (fluorescing) singlet state (S1) of a fluoro-
phore.4,5 In its excited-state (ES), the fluorophore becomes
extremely acidic and consequently undergoes a process of
proton-transfer to solvent (PTTS). At neutral pH with small
photoacid concentrations (usually micromolars), homogeneously
dissolved protons are on the average too far from the fluorophore
to react with it during its ES lifetime. The fluorophore then
undergoes reversible geminate recombination with the original
proton.6 Since these dissociation-recombination cycles are
separated by diffusive motion, the role of diffusion in shaping
the temporal behavior becomes pivotal, leading to an experi-
mentally observed long-time power-law decay.7-11

At low pH, homogeneous protons compete with the geminate
one for recombination, and the reaction becomes bimolecular.
In fact, it is pseudo-unimolecular, because the concentration of
the photoanion is much lower than that of the protons. Since
the early work of Weller,12 the pH effect on ES proton-transfer
reactions has been described by biexponential kinetics.13-19 A
similar approach has been applied to other ES reactions, such
as excimer formation.20,21 Unfortunately, this treatment over-
looks the most interesting many-body effects, which arise from
competition over binding and occur between the initial dis-
sociation event and final ES decay.

Modern approaches to reversible diffusion-influenced reac-
tions have advanced considerably in recent years. A large body
of theoretical work22-35 and simulations36-39 helped unravel the
behavior of fast reversible reactions in solution. All agree that
the approach to equilibrium can be markedly nonexponential.
At short to intermediate times, it should be successfully
represented by convolution kinetics, such as the convolution
approximation (CA) approach.25-27 At long times, this ap-
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proximation breaks down, and the kinetics switches into an
asymptotic power-law behavior. The concentration dependence
of its amplitude has recently been established.30-34

There were two previous attempts to detect these deviations
from classical kinetics experimentally: in monomer-excimer
kinetics40 and ES-PTTS.41 Signal-to-noise (S/N) problems (and
poor graphical presentation of the results) hampered clear-cut
conclusions. We have set out to obtain accurate kinetic data to
check the theoretical predictions against experiment. The
photoacid chosen for our study is 2-naphthol-6,8-disulfonate
(2NDS) in acidified water. There has been ample work on this
fluorophore.42-46 Proton dissociation and rebinding occurs here
considerably faster than ES decay. Consequently, the reaction
attains equilibrium in its ES.42 The high, pH-independent
quantum yield42,43suggests that other kinetic complications, such
as quenching by protons, are absent here.

The present work is unique in establishing the nonclassical
approach to equilibrium in a reversible ES chemical reaction.
By careful deconvolution of the data, we have managed to
demonstrate the applicability of the CA, with subsequent switch-
over to the predicted power-law regime. Unfortunately, the
signal fades into the noise too early: To unravel the significant
bimolecular effects on chemical reactivity, a new revolution in
ultrafast kinetics is required, stressing accuracy rather than speed,
improving the monitoring rather than the reaction initiation step.

2. The Theoretical Challenge

The kinetics of reversible chemical reactions, whether in the
ground or excited states (ES), are traditionally described by
conventional chemical kinetics.1 Consider an excited hy-
droxyaryl (R*OH), dissociating in S1 (rate coefficientkd) to
produce the excited conjugate base (R*O-). The latter, in turn,
may associate bimolecularly with a proton (rate coefficientka)
to regenerate the excited acid.

When protons are in great excess,c ≡ [H+] . [R*OH], and
the pseudo-unimolecular recombination rate coefficient iscka.
For equal ES lifetimes of acid and base (1/k0 ) 1/k′0), the
reaction is equivalent to ABh A + B, when we set [AB])
[R*OH] exp(k0t) and [A] ) [R*O-] exp(k0t).

From simple chemical kinetics with no diffusional effects,
the time-dependence of the relative concentration of the acid,
given that initially (t ) 0) only ROH has been excited, is given
by

HereKeq is the ES equilibrium rate coefficient given byKeq )
ka/kd. The above solution starts from unity and decays to the
ES equilibrium distribution,cKeq/(1 + cKeq), times the ES decay
function, exp(-k0t). While the R*OH concentration decays
biexponentially, the approach of [R*OH](t)exp(k0t) to equilib-
rium is single exponential, exp[-(1 + cKeq)kdt]. This solution
is at odds with the exact asymptotic solution for reversible
diffusion-influenced reactions at long-times, and even with
approximate solutions for the short/intermediate-time behavior,
as described below.

2.1. Long-Time Asymptotics.When the relative diffusion
of the dissociation products (diffusion coefficientD ) DRO- +
DH+) is taken into account, the conclusions from simple kinetic

theory no longer hold. As three-dimensional diffusional effects
develop, the kinetics slow and eventually switch into an
asymptotic (∼) power-law decay30-34

The equilibrium coefficient is given by

where, in the absence of potential interactions (to be discussed
below),ka

eff ≡ ka. It is convenient to denote

and∆P(t;c) ) P(t) - P(∞). Its long-time approach to equilib-
rium

depends only onKeq and not on the individual rate parameters.
As Keq may be determined from the equilibrium plateau,P(∞)
) cKeq/(1 + cKeq), the asymptotic behavior could be tested
without any adjustable parameters. Several theoreticians22-34

have contributed to the development of this relation, which is
now believed to be the exact asymptotic limit for the compli-
cated, many-particle diffusion equation in which reversible
reactivity was incorporated. Its geminate limit has been estab-
lished both theoretically8,25 and experimentally.9 While power-
laws have been discussed for irreversible diffusion influenced
reactions,47 their extension to reversible reactions is a more
recent development. Possibly the first realization that the many-
body approach to equilibrium is governed by power-law kinetics
was made in the framework of fluctuation theory.22,23Equation
5 was derived from the asymptotics of the mean-field, nonlinear
reaction-diffusion equations, except that printing errors ob-
scured the result.28 A truncated many-body theory, the “super-
position-approximation” (SA),24,26gave a similar result but with
a power 2 instead of 3 in the denominator. This disagreed with
accurate one-dimensional simulations.36,37 Subsequently, an
enhanced SA30,31gave the correct power of (1+ cKeq), and the
agreement with the simulations motivated Szabo and co-workers
to conjecture that eq 5 is the exact asymptotic solution.30 This
was recently proven mathematically using many-body recursion
in Fourier space.33,34 There was only one attempt to test eq 5
experimentally, for ES-PTTS, but the long time asymptotics was
obscured by the noise.41

2.2. Short/Intermediate-Time Approximation. Classical
chemical kinetics fails not only at asymptotically long times. If
diffusion is not much faster than the rebinding reaction,
dissociation enhances the local concentration of B-particles that
surround A. The enhanced recombination regenerates the
reactants and slows down the approach to equilibrium. This
argument is made quantitative by the convolution approximation
(CA) of Agmon and Szabo.25-27 In the time interval betweent′
and t′ + dt′ a fraction kdP(t′) dissociates to the “contact
distance”,r ) a. Denoting bySirr(t - t′) the probability that
this was thelast dissociation event and thus A will not rebind
during the remaining time,t - t′, one obtains

R*OH
V k0

{\}
kd

ka
R*O-

V k′0

+ H+

[R*OH]( t)

[R*OH](0)
) e-k0t

1 + cKeq
[e-(kd + cka)t + cKeq] (1)

[R*OH]( t)

[R*OH](0)
∼ e-k0t

1 + cKeq[ Keq

(1 + cKeq)
2 (4πDt)3/2

+ cKeq] (2)

Keq ) ka
eff/kd (3)

P(t) ≡ [R*OH]( t)

[R*OH](0)
ek0t (4)

∆P(t; c) ∼ Keq

(1 + cKeq)
3(4π Dt)3/2

(5)

P(t) ) 1 - kd∫0

t
P(t′) Sirr(t - t′) dt′ (6)
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Given Sirr(t), eq 6 can be solved iteratively starting withP(0)
) 1. Since only final dissociation events are considered,Sirr is
the “survival probability” for an irreversible boundary condition,
kd ) 0. It corresponds to an “initial distribution” assumed to
prevail immediately after a dissociation event, where all
B-particles are randomly distributed except for one atr ) a.
By taking the product of the survival probabilities for the two
kinds of B-particles one gets25

The preexponential on the right-hand side (rhs) is the survival
probability due to the geminate B-particle at contact, whereas
the second term is the celebrated Smoluchowski result for
pseudo-unimolecular irreversible reactions.47,48The above rela-
tions become exact in the geminate limit (whenc ) 0), neart
) 0 and at equilibrium.25 Otherwise (for arbitrary times and
concentrations), it is only an approximation, due to the assump-
tion that the nongeminate particles are always randomly
distributed.

The time-dependent irreversible rate coefficient,kirr(t), which
corresponds to an initial random distribution forall particles,
is given by the well-known expression49,50

whereΨ(z) ) exp(z2)erfc(z), erfc is the complementary error-
function,kD is the diffusion-control rate constant

and the parameterγ is given by

In the absence of interactions,ka
eff ) ka andaeff ) a. The time

integral in eq 7 may be performed analytically, but we make
no use of this property here. Note thatkirr(t) approacheskirr(∞)
as a power-law, becauseΨ(z) ∼ 1/xπz. This is not the power-
law asymptotics of the reversible problem, although both arise
from diffusion. The CA, in fact, does not show power-law
asymptotics at all and is therefore valid only up to intermediate
times.

The CA description was previously applied to pyrene excimer
formation.40 There, the initial state was that of an unbound
excited monomer, surrounded by a uniform distribution of
ground-state monomers. (This difference in initial conditions
is not essential because a simple and rigorous relation exists
between them.25) Reversibility became important at high tem-
peratures, but, unfortunately, the data were displayed in a
manner that makes it difficult to assess the merits of using the
CA rather than the simpler kinetics of eq 1.

Equations 6 and 2 provide simple analytical descriptions for
the approach to equilibrium in the short/intermediate and long
time regimes, respectively. They require the knowledge of both
rate parameters (not only their ratio), which we determine from
a fit of the geminate kinetics (c ) 0 limit) to the solution of a
time-dependent Smoluchowski equation.7-9 Unfortunately, the
problem is further compounded by three effects that we have
so far neglected. In the derivation of eq 2, it has been assumed
that (i) A and AB are static,DA ) DAB ) 0; (ii) the ES lifetimes
are equal,k0 ) k′0; and (iii) there is no A-B interaction

potential. The remainder of this section discusses the validity
of these assumptions. Possibly, the first two are justified here,
whereas the effect of the (screened Coulomb) potential between
the proton and the conjugated base must be taken into account
when implementing the CA.

2.3. Mobility Effects. The assumption of static A and AB
molecules is not a bad approximation for PTTS reactions, since
proton mobility exceeds that of large aromatic molecules by
about an order of magnitude.51 In practice, one usually takesD
) DA + DB. One may scrutinize this approximation in light of
recent results by Gopich, who has extended eq 2 to different
(and nonvanishing) diffusivities.52,53 This work shows that for
mobile A and AB, eq 5 is still the exact long-time asymptotic
solution, provided that

In our case,DB (the proton diffusion coefficient) is dominant.
The correction term, (DA + cKeqDAB)/(1 + cKeq), contributes
less than 10% and may thus be simplified. WhenDA ≈ DAB (a
reasonable approximation for large aromatic acids and bases
which differ only by one proton), this term reduces toDA (or
DAB), and thusD ≈ DA + DB is indeed justified. We use for
DA the ground-state diffusion coefficient of the acid.

2.4. Different Lifetimes. The long-time behavior with which
we wish to compare our experimental data, eq 5, has been
derived for equal lifetimes. The only reversible diffusion
problem that could be solved exactly for unequal lifetimes is
the geminate limit.54-58 A recent approximate theory for the
many-body effect35 suggests that at asymptotically long-times
there should be a large observable effect of even a small
difference in lifetimes. Let us assess the importance of taking
this effect into account in the present case by considering the
solution of the chemical kinetic equations for the different
lifetime case12-21

The two exponents (eigenvalues) are given by

where we have defined

One may check that fork0 ) k′0 eq 12 indeed reduces to eq 1.
To get a clearer picture of the changes occurring whenk0 *

k′0, let us make the further approximation that|k0 - k′0| is small
as compared tokd - cka. This is a good approximation for ES-
PT from naphthol derivatives, whose ES lifetimes are typically
in the range 5-15 ns, while they eject the proton on the sub-
nanosecond time scale. Under such conditions∆ ≈ kd + cka.
The slowest exponent and its amplitude become

In our case (k0 - k′0)/(2kd) e 0.001, which could bias the

D ) DB + 1
1 + cKeq

(DA + cKeqDAB) (11)

[R*OH]( t)

[R*OH](0)
) 1

λ1 - λ2
[(µ1 - λ2)e

-λ1t + (λ1 - µ1)e
-λ2t] (12)

λ1,2 ) [µ1 + µ2 ( ∆]/2 (13)

µ1≡ kd + k0, µ2≡ cka + k′0 (14a)

∆2≡ (µ1 - µ2)
2 + 4ckakd (14b)

λ2 ≈ (k0 + k′0)/2 (15a)

λ1 - µ1

λ1 - λ2
≈ cKeq - (k0 - k′0)/(2kd)

1 + cKeq
(15b)

Sirr(t) )
kirr(t)

ka
eff

exp[-c∫0

t
kirr(t′) dt′] (7)

kirr(t) )
kDka

eff

kD + ka
eff [1 +

ka
eff

kD
Ψ(γxDt)] (8)

kD ) 4πDaeff (9)

γaeff ) 1 + ka
eff/kD (10)
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estimation ofKeq from the asymptotic plateau only at small
concentrations. For the lowest concentration studied here (2.5
mM), the correction toKeq amounts to at most 5%.

Next, consider the solution of the geminate problem for
nonequal lifetimes.54-57 It was verified experimentally that with
decreasingk0 - k′0, the kinetics undergoes a (first-order)
transition from power-law to exponential asymptotics.58 The
2NDS anion is sufficiently long-lived for the power-law
asymptotics to prevail. The asymptotic decay in this case is

First, note that the exponential term is governed byk′0, rather
than (k0 + k′0)/2 as in eq 15a. Second, it is modified by the
multiplicative factorZ ) koff/(koff + k0 - k′0), wherekoff is the
overall separation rate coefficient. Thus, when dissociation is
much faster than ES decay, which is the case considered here,
Z ≈ 1. On the basis of these arguments, we believe that the
difference in lifetimes probably affects the equilibrium limit
more than it affects the power-law approach to it.

2.5. Potentials.The final complication comes from the fact
that we deal with ions,51 rather than with noninteracting particles.
Knowledge of their effective potential,V(r), is important in
implementing the CA, but not for the analysis of the long-time
tail. In the latter case, we obtainKeq(c) from the asymptotic
plateau (it is concentration-dependent due to the concentration-
dependent effective potential) and use it in eq 5 to determine
the asymptotic behavior.

The potential appears in the CA through the time-dependent
rate-coefficient,kirr(t) of eq 8. We determine the interaction
potential,V(r) (in units of kBT), by making two assumptions

the first being more rigorous than the second. These two
relations are substituted in eqs 7-10 instead of the simpler ones
used in the absence of a potential (namely,ka

eff ) ka andaeff )
a). While the expression for the equilibrium coefficient, eq 3,
remains exact,kirr(t) in eq 8 becomes an approximation, although
usually a rather good one, which becomes exact at long times.59

We model the interaction potential by the Debye-Hückel
screened Coulomb potential,51

with an adjustable Debye-Hückel parameter,κDH. The “Debye
radius” is calculated fromRD ) 560z/ε, wherez is the charge
of the counteranion andε the solvent’s dielectric constant. 1/κDH

is the radius of the “ionic atmosphere”. For univalent electro-
lytes,κDH ) Bc1/2 whereB ) 0.33 M-1/2 in room temperature
water. Since eq 18 cannot be rigorously true at short distances
or high concentrations, we adjustB to fit the measured decrease
in Keq with increasing ionic strength. This, we shall see, is the
dominant concentration effect on the asymptotic behavior for
the reaction under investigation.

Ionic interactions also lead to a decrease in the diffusion
coefficients of ions with increasing ionic strength.51 We have
detected this effect experimentally for geminate reactions when

an inert salt was introduced.60 Here the accuracy is insufficient
to include this effect, so we use an estimated value ofD for 10
mM salt.

3. Experimental Section

We have chosen to work on the photoacid 2-naphthol-6,8-
disulfonate (2NDS) because it exhibits fast PTTS as compared
to its ES lifetime(s) with little, if any, quenching by protons.42-46

Since the sulfonate groups are on the distal ring, PTTS occurs
directly to water andnot through the sulfonate groups. Potassium
salt of 2NDS was purchased from Kodak (>98% purity). Its
absorbance did not exceed 0.2 at the excitation wavelength. All
measurements were carried out at room temperature. Aqueous
solutions with different hydrochloric acid concentrations were
prepared volumetrically, by consequent dilution of standard
1.0075 N HCl solution (Aldrich, reagent grade) with 10 MΩ
deionized water.

Steady-illumination fluorescence spectra of nondeoxygenated
2NDS solutions were recorded on a SLM-AMINCO-Bowman
2 luminescence spectrometer and corrected according to manu-
facturer specifications. The fluorescence spectrum consists of
two structureless bands with R*OH emission maximum at 390
nm and R*O- maximum at 470 nm (Figure 1). With increasing
acid concentration,c, the fluorescence intensity from R*OH
increases while that of R*O- decreases. This clearly points to
the reversibility of the reaction in the ES,42 with equilibrium
shifting to the acid form with increasingc.

To monitor PTTS in the time-domain, the sample was excited
by a ps laser at about 300 nm (the doubled frequency of the
Rhodamine 6G dye laser, driven by a Nd:YAG laser). Using a
TCSPC system,3 transient acid fluorescence was collected at
370 nm. We have also measured transient fluorescence from
the base, by setting the monochromator to 515 nm. The full
scale varied between 5 and 50 ns (corresponding to 4.88 and
48.8 ps/channel, respectively). Figure 2 shows an overview of
the data at the two wavelengths as measured on the 50 ns time
scale. As the acid intensity declines, the base signal rises.
Eventually, both signals decay with the same rate coefficient
(λ2 in eq 12), indicating that the reaction has approached
equilibrium.

The instrument response function (IRF) had a full-width at
half-maximum of about 40 ps. We measure it using front-surface
reflection from fused silica plates (the back-surface reflection

Figure 1. Emission spectra of 2NDS in water (solid line) and 50 mM
HCl solution (dashed line). These solutions correspond to the two
extreme proton concentrations used in this work, whereas the fluoro-
phore concentration was kept constant. Position of vertical arrows
indicate the wavelengths (370 nm for R*OH and 515 nm for R*O-) at
which time-resolved measurements were performed. Direction of the
arrows correspond to the increase of HCl concentrations.

[R*OH]( t)

[R*OH](0)
∼ Z2Keqe

-k0′t

(4πDt)3/2
(16)

ka
eff ) kae

-V(a) (17a)

aeff ) (∫a

∞
eV(r)r-2dr)-1 (17b)

V(r) )
-RD exp[-κDH(r - a)]

r(1 + κDHa)
(18)
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is negligible). Figure 3 shows the raw R*OH data on the 5 ns
scale, together with the IRF. It exhibits secondary parasitic peaks
(less than 1% of main peak intensity) around 0.3 and 1.5 ns.
These are seen to affect the measured signal for samples which
decay fast to low count numbers (e.g., at low proton concentra-
tions). Although we account for the IRF by convolution, the
secondary peaks occur in physically significant time regions
and tend to limit the accuracy of our measurement.

4. Data Analysis

The purpose of this work is to extract, from the measured
fluorescence signals, the decay to equilibrium and compare it
with the theoretical predictions in eqs 2 and 6. This is a

demanding task in which one has to overcome (i) ES decay;
(ii) low count numbers in the tails; (iii) aberrations due to
secondary peaks in the IRF. We partially overcome these
obstacles by the following deconvolution/smoothing procedure.

First, we determine independently the lifetimes of the acid
(1/k0) and base (1/k′0), by monitoring the fluorescence decay at
low and high pH values, where only ROH or RO- exist in both
ground and excited-states, and PTTS is suppressed. (We have,
nevertheless, avoided using pH values much lower than 0,
because of the proton quenching effect). The values obtained,
see Table 2, are similar to literature values.45,46

Next, the longest time-constant [τ4(c) in Table 1] is deter-
mined separately from the data series on the 50 ns scale (Figure
2). Thatτ4(c) ≈ 1/k′0 may be no accident: In the geminate case
it was shown thatk′0 should be used to “correct” the signal
from both base and acid; see eq 16. This rule might extend to
the pseudo-unimolecular case. In comparison, chemical kinetics
suggests thatτ4 ≈ 2/(k0 + k′0), see eq 15a, which is not obeyed
that well. Another observation is thatτ4 decreases slightly (up
to 7%) with increasing proton concentration. This could reflect
a small degree of quenching by protons that takes place for
this molecule. It is negligible in comparison to some other
naphthols17,43 and was not detected previously in acid-base
titrations.42,43

Further, the data on the 5 ns scale are fitted to a sum of four
exponentials,

and convoluted with the IRF. It is normalized so that∑i)1
4 Ai )

1. In these fits,τ4 was held fixed, using the value obtained on
the 50 ns scale. The lines in Figure 3 are the result of such fits,
with the parameters (Ai, τi) collected in Table 1.

Multiexponential fits are commonly used as a deconvolution
procedure in transient fluorescent measurements.61,62In our case,
the multiexponential form is a natural choice, because the initial
and final decay phasesare exponential. The multiexponential
fit serves several purposes in our analysis:

Figure 2. Normalized transient emission of 2NDS, measured on the
50 ns scale (first 10 ns shown) of the TCSPC apparatus at 370 nm
(acid, light curves) and 515 nm (base, bold curves). The ultimate decay
times at the different indicated proton concentrations (in mM), which
(except forc ) 0) are identical for both species, areτ4 of Table 1.
Note the semilog scale with the varying range for different panels.

Figure 3. Unprocessed ROH emission data, collected at 370 nm on
the 5 ns scale. Proton concentrations (top to bottom): 50, 20, 10, 5,
2.5, and 0 mM. Lowest data points are the laser flash (IRF). Lines are
multiexponential fits to eq 19, convoluted with the IRF (except forc
) 0, where it is a Smoluchowski fit using SSDP). The corresponding
parameters are collected in Table 1.

TABLE 1: Parametersa Obtained from Multi-Exponential
Fits, Eq 19, on the 5 ns Scale of the TCSPC Apparatus

c, mM τ1, ns τ2, ns τ3, ns τ4, ns A1 A2 A3 A4

0 0.0339 0.112 0.644 3.94 0.733 0.233 0.0294 0.0040
2.5 0.0405 0.131 0.770 12.15 0.772 0.197 0.022 0.0085
5 0.0393 0.125 0.687 12.00 0.766 0.195 0.0185 0.0206

10 0.0397 0.123 0.718 11.95 0.765 0.185 0.0127 0.0377
20 0.0347 0.109 0.821 11.90 0.742 0.193 0.0077 0.0577
50 0.0304 0.0885 1.92 11.50 0.685 0.210 0.0041 0.101

a Maximal standard errors for theτi: 2.6, 17, and 330 ps fori ) 1,
2, 3, respectively. Forc > 0, τ4 was fixed at the values determined on
the 50 ns scale. Forc ) 0, τ4 doesnot reflect the ES decay time.

TABLE 2: Physical Parametersa Employed in Fitting the
Geminate 2NDS Fluorescence Data Using Time-Resolved
Smoluchowski Approach7,8 via the SSDP Software63

D, cm2/s RD, Å a, Å 1/kd, ps ka, M-1s-1 1/k0, ns 1/k′0, ns

9.5× 10-5 21.5 5.5 33 5.0× 109 9.2 12.4

a D is sum of proton and anion diffusion coefficients51; RD is the
Debye radius for a triply charged ion in water51; the “contact radius”,
a, is a typical literature value7,8; k0 is acid decay rate measured in acidic
solutions pH≈ -0.5; k′0 was estimated from anion decay in basic
solutions (pH≈ 12). Similar values were found in the literature: 1/k0

) 8.4 ns, 1/k′0 ) 12.2 ns45 or 1/k0 ) 8.7 ns, 1/k′0 ) 12.8 ns.46 The value
of kd is similar to that in Figure 4 of ref 44.

[R*OH]( t)

[R*OH](0)
) ∑

i)1

4

Ai exp(-t/τi) X IRF(t) (19)
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(i) It deconvolutes the bumpy IRF from our data, which
otherwise masks the details of the approach to equilibrium.

(ii) It provides an objective determination of the asymptotic
plateau,cKeq/(1 + cKeq), whose precise value affects the time-
course for the deduced approach to equilibrium.

(iii) It smoothes the noisy data arising from the subtraction
of this plateau.

The necessity of currently using such a procedure attests to
the “challenge” in this kind of measurement.

One may wonder whether four exponentials are really
necessary, since previous analyses of experimental data for this
reaction44-46 were content with the 2-exponential representation
of eq 12. Figure 4 compares the 2- and 4-exponential fits for
the highest concentration employed in this study (50 mM H+).
It is seen both from the fits and their residuals that 2-exponen-
tials are insufficient to describe the fluorescence decay. The
region between the initial and final exponential decays (around
0.5 ns) conceals the details of the approach to equilibrium.

τ1 in eq 19 should be the proton dissociation time, and thus
(within experimental error) independent ofc. We can check this
by comparison with the geminate kinetics. In thec ) 0 limit,
the pair kinetics obey the Smoluchowski equation, usingD from
mobility measurements andRD from dielectric measurements.7,8

The partial differential equation was solved numerically using
the Windows application SSDP (ver. 2.6).63 This produced the
lowest line in Figure 3, with the physical parameters collected
in Table 2. We see that indeedkd ≈ 1/τ1. Furthermore, the
geminate rate parameters allow us to calculate the equilibrium
constant at infinite dilution from eq 3, givingKeq(c ) 0) ) 8.8
M-1. The kinetics in water are fastest and thus most susceptible
to complications from the secondary peaks in the IRF. This
limits the accuracy in the determination of the rate parameters
[hence also ofKeq(0)] to about 20%.

The automated multiexponential fitting procedure eliminates
possible prejudice in determining the equilibrium plateau, which

in the present approach isA4 from eq 19. The equilibrium
constant at low pH values may now be estimated, according to
eqs 1 and 2, by

TheseKeq values are shown by the open circles in Figure 5.
They are compared with the Debye-Hückel (DH) prediction,
eq 18 (squares). To achieve the fit, we use the same radius,a,
as in the diffusive dynamics, but adjust the DH parameter toB
) 0.46 M-1/2 (instead of its theoretical value of 0.33).
Agreement is good, except at the lowest concentrations (2.5
and 5 mM), whereA4 gives values that are too small by about
20%. One source for this discrepancy is the nonequality of the
two ES lifetimes, which could lead to correction terms such as
in eq 15b. Sincek0 - k′0 > 0, this should increaseKeq (by
about 0.5 M-1, see parameters in Table 2).

The approach to equilibrium at different concentrations,∆P(t;
c), can now be calculated from

It is depicted by the bold lines in Figures 6 and 7, which
represent our smoothed and deconvoluted data. The initial decay
is due to dissociation alone, exp(-kdt), as depicted by the dash-
dot curve in Figure 6. This is identical with the prediction of
kinetic theory, namely, exp[-kd(1 + cKeq)t], becausecKeq , 1
(it is at most 0.1 atc ) 50 mM). Clearly, therefore, the
exponential kinetics of eq 1 is inappropriate for describing our
data.

In contrast, the CA yields very good results for over 2 orders
of magnitude (dashed lines, Figure 6). These results were
obtained by solving, using numerical iterations, the convolution
relation 6. The parameters that go into this theory (eqs 6-10,
17, and 18) are available from independent measurements (Table
2). The diffusion coefficients are from mobility measurements,51

RD is evaluated for the triply charged anion from the water
dielectric constant (ε ) 78), kd andka were obtained by fitting
the geminate data to the transient Smoluchowski equation using
SSDP (ver. 2.6),63 andB was obtained by fitting the Debye-
Hückel potential, eq 18, toKeq(c) in Figure 5. In practice, we
have fine-tuned some of the parameters within their error-bars
to obtain consistency. We believe Figure 6 provides a convincing
demonstration for the applicability of the CA.

Figure 4. Comparison of the 2- and 4-exponential fits to the transient
fluorescence of the 2NDS acid band in 50 mM HCl aqueous solution.
Panel a compares the raw data (circles) with the 4-exponential fit (full
line, residuals shown in panel b) and the 4-exponential fit (dashed line,
residuals shown in panel c). It is clear that two exponentials are
insufficient for fitting the data.

Figure 5. Ionic concentration dependence of the ES acid-base
equilibrium coefficient for 2NDS. Circles are our experimental values
from the multiexponential fit using eq 19. The infinite-dilution value
was determined from the geminate parameters in Table 2. Squares
represent the Debye-Hückel theory, eq 18, with adjustedB ) 0.46
M-1/2.

A4 ) cKeq/(1 + cKeq) (20)

∆P(t; c) ≡ ∑
i)1

3

Ai exp(-t/τi + t/τ4) (21)
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At asymptotically long times the CA ceases to apply, and
the kinetics switch over to power-law decay: A straight line
on the log-log plot. Figure 7 shows our deconvoluted data (eq
21) on this scale. Since the signal fades in the noise after the
third exponential, these curves are truncated at about 2τ3. The
dashed lines are the theoretical asymptotic behavior, eq 5. It
may be written as

In the geminate limit,8 ∆P(t; 0) ∼ Keq(0)(4πDt)-3/2 can again
be calculated from the SSDP parameters [Keq(0) ) 8.8 M-1

andD ) 9.5× 10-5 cm2/s]. The asymptotic behavior at higher
concentrations then requires onlyKeq(c), which were already
determined from the equilibrium plateau,A4 (see Figure 5).

The novelty and limitations of these results should be
acknowledged. The figure provides a first clear demonstration
that ∆P(t; c) indeed switches into at-3/2 asymptotic behavior.
Theory appears to describe the asymptotic behavior well, and
with no adjustable parameters. Interestingly for the present
system, the many-body competition term, 1/(1+ cKeq)3, makes
a negligible contribution. The main contribution to the variation

of ∆P(t; c)/∆P(t; 0) comes from the concentration dependence
of the equilibrium coefficient, which originates from many-body
effects on theinteraction potential. We acknowledge that the
data leave more to be desired, as it fades into the noise just as
it reaches the asymptotic line, whereas one would like to see
the t-3/2 law followed for longer times.

Finally, a closer inspection of the data in Figure 7 suggests
a second-ordertransition in the kinetics. The asymptotic
behavior is alwayst-3/2, but the approach to it changes with
concentration. At low concentrations,∆P(t; c) begins below the
asymptotic line, then crosses it and converges in from above.
At high concentrations, the situation is reversed:∆P(t; c) begins
above the asymptotic line, crosses it and converges in from
below. Such detail are outside the scope of the CA. However,
an analogous transition has been found in geminate recombina-
tion with two different lifetimes,57 where a “second-order”
transition was manifested in approach to the asymptotic line
from above or below. Clearly, more accurate data are needed
to establish this interesting effect.

5. Discussion

The present work considered excited-state reactivity of
photoacids, yet it has direct consequences to a much broader
family of chemical reactions, namely, bimolecular binding
reactions of the ABh A + B type. Such reactions include
fundamentally important processes such as acid-base reactions,
hormone and transmitter binding to receptors, substrate binding
to an active site, and more. When these reactions are intrinsically
fast and reversible, many-body diffusion effects are expected
to lead to marked deviations from classical kinetics. These
effects have been considered theoretically yet overlooked by
photochemists who have studied photoacids extensively, pre-
dominantly by transient fluorescence techniques. The present
study provides one of the first convincing experimental examples
for the predicted effects.

We work with photoacids because excitation provides an
ultrafast means to initiate their dissociation reaction. Otherwise,
there is no fundamental difference between excited-state and
ground state reactivity, particularly so when reactants and
products share the same excited-state lifetime. The excited
photoacid corresponds to a special initial condition of an AB
molecule surrounded by equilibrated B molecules. Often, one
is interested in another initial condition, of an unbound A
molecule surrounded by B’s. Since a simple and rigorous
relation exists between the solutions for these two initial
conditions,25 the understanding of one immediately implies
understanding of the other. The present work extends our
previous work of geminate recombination to the pseudo-
unimolecular case (one A, many B’s), where the concentration
(of B particles) becomes an important variable. Understanding
of the unimolecular case paves the road to further extension to
arbitrary A and B concentrations.53

Our work is unique in unraveling some of the details in the
nonexponential approach to equilibrium of excited 2-naphthol-
6,8-disulfonate. Deconvoluting/smoothing the fluorescence data
using a 4-exponential fit and subtracting the equilibrium plateau
reveals how poorly classical kinetics describes this simple
solution-phase reaction. As Figure 6 showed, the nonexponential
effects are substantial, starting around 50 ps for this reaction,
and dominating most of the transient behavior. Thus, more
sophisticated kinetic theories must be applied. We find that the
short/intermediate time behavior agrees with the Agmon-Szabo
convolution kinetics25 for over two decades in intensity. To our
knowledge, this is the first time such an agreement is demon-

Figure 6. Approach to equilibrium in a reversible ES pseudo-first
PTTS reaction. Fluorescence data from excited 2NDS in aqueous acidic
solutions of various proton concentrations (top to bottom: 5, 10, 20,
and 50 mM HCl) were processed by the multiexponential deconvolution
approach (eq 21, full curves). Dashed lines show the prediction of
convolution kinetics,25 eqs 6-10, 17, and 18, with independently
determined parameters. For comparison, a dash-dot line depicting
exponential decay, exp(-kdt), is also shown.

Figure 7. Approach to equilibrium in a reversible ES pseudo-first
PTTS reaction. Same data as in Figure 6, for proton concentrations
(top to bottom) 0, 2.5, 5, 10, 20, and 50 mM, in a log-log scale (full
curves). The theoretical asymptotic behavior from eq 22, using
experimentalKeq values from Figure 5, is shown by the dashed lines.

∆P(t; c) ∼ Keq(c)

Keq(0)

∆P(t; 0)

[1 + cKeq(c)]3
(22)
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strated. Moreover, all the parameters required for this model
can, in principle, be gleaned from independent measurements.
In this theory, the geminate partner which has just dissociated
to the contact distance contributes to the recombination prob-
ability on top of the population of uniformly distributed protons.

Close to equilibrium, however, the assumption of a uniform
distribution for the homogeneous protons breaks down and so
does convolution kinetics. The approach to equilibrium now
switches into the theoretically predictedt-3/2 decay. Moreover,
the theoretical amplitude of this power-law phase,Keq/(1 +
cKeq)3, agrees with experiment with no adjustable parameters
(givenKeqobtained from the equilibrium plateau). This provides
rather compelling evidence for the role of diffusion in determin-
ing the transient evolution of bimolecular, reversible chemical
reactions.

The theoretical amplitude contains two contributions.Keq in
the numerator prevails also in the geminate (c ) 0) limit. It
arises from diffusing pairs reaching their contact distance, at
which they are in quasi-equilibrium with the bound state. The
many-body effect on the asymptotic behavior is manifested in
the (1+ cKeq)-3 term,30,31which arises from single re-encounters
of the excited base with a given proton which are possibly
separated in time by single encounters with other protons.33,34

Unfortunately for the reaction under investigation, as we lower
the pH, the variation in this term is about an order of magnitude
less than the variation inKeq. The latter decreases sharply due
to increasing ionic screening, in qualitative agreement with the
Debye-Hückel (DH) theory for activity coefficients. Hence,
we are not able to demonstrate experimentally the many-body
competition effect, manifested in the (1+ cKeq)-3 term, nor
show that the power is indeed 3 (and not 2, as suggested by
earlier theoretical approaches26). To fit the concentration
dependence ofKeq, the ionic atmosphere radius in the DH theory
was modified. Given the present experimental accuracy and the
uncertainty in the molecular radius,a, this does not necessarily
indicate a break-down of this celebrated theory. Finally, we
observe an interesting kinetic transition, where at a critical
concentration the approach to equilibrium changes from below
to above the asymptotic line.

Clearly, enhanced experimental sensitivity and accuracy are
desired. Hopefully, the IRF of the TCSPC apparatus could be
improved to eliminate, as much as possible, the spurious low-
amplitude peaks that get convoluted with the kinetics at critical
time epochs. Other efforts should be directed into improving
the S/N in the tails. The TCSPC apparatus registers events of
first photon arrivals, most of which occur near the peak of the
R*OH signal, during the initial exponential dissociation phase.
If one could block the photons from this initial phase (e.g., for
the first 100 ps in our case), all the photon-arrival statistics
would concentrate in the nonexponential tail. This calls for the
design of an appropriate electronic gating apparatus.

We believe our results demonstrate that there is significant
information concealed in the transient behavior of fast bimo-
lecular reactions. To unravel this information, a new revolution
in fluorescence kinetics is required, with emphasis on accuracy
and low noise levels of the measured signals.
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