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Excited-state proton transfer to solvent (PTTS) of 5-cyano-2-naphthol was investigated in methanol/water
mixtures. We have found that the time-resolved fluorescence data fit the solution of the Debye-Smoluchowski
equation for the reversible geminate recombination of ions over the whole range of methanol/water concentration
ratios. The rate constants of the elementary protolytic photochemical processes and their isotope effects were
determined by a simultaneous analysis of the time-resolved fluorescence of the photoacid and its conjugated
anion. The competition between adiabatic protonation and quenching of the excited naphtholate anion by the
geminate proton was observed to diminish sharply near pure methanol. The dissociation rate coefficient near
pure methanol depends on a power of the water concentration, which appears to decrease from 2 (for “ordinary”
photoacids) to below 1 for “super” photoacids.

I. Introduction

Proton transfer, in both ground and excited states, is a
fundamental process in chemistry and biology. The subject of
our current research is the investigation of the mechanism of
ultrafast excited-state proton transfer reactions of exceptionally
strong photoacids in methanol/water solutions. Protolytic pho-
todissociation (excited-state proton transfer to solvent or PTTS)
has been studied intensively in the past 50 years.1 The acidity
of various hydroxyaromatic compounds (ROH) increases sig-
nificantly upon excitation, and therefore molecules of this type
are widely used as excited-state acid-base fluorescent probes
in homogeneous solutions and microheterogeneous systems.

The influence of water structure on the PTTS kinetics is most
conspicuous in the investigation of proton transfer in mixed
water/organic solvents. Protolytic photodissociation of various
hydroxyaromatic compounds was studied in series of mixtures
of water with alcohols2-18 and other solvents.14,19,20In all cases
PTTS rates were found to decrease with decreasing molar
fraction of water in the mixture. This was accompanied by an
increase of excited ROH (R*OH) fluorescence decay times and
quantum yields, and a reduction of R*O- emission. For
2-naphthol (2OH, pKa* ) 2.8) the protolytic dissociation can
be observed only up to 50 vol % methanol.7 At higher methanol
contents, the typical dissociation time becomes considerably
longer than the excited-state lifetime (typically, 5-10 ns). For
a much stronger photoacid like 1-naphthol (1OH, pKa* ) 0.4),
dissociation is still observed at 98 wt % MeOH.9

It was suggested5-7 that a proton transfers only to water
clusters of a certain size. In contrast to water solutions where
such clusters already exist in the ROH solvation shell, in mixed
solvents an additional step of their formation takes place.

Robinson et al.7 described it as a sequence of reversible
processes corresponding to the substitution of alcohol molecules
in the ROH solvation shell with water. This sequence terminates
when the cluster size reaches a critical value. Experimental
PTTS rate constants in methanol/water mixtures of different
compositions are in best agreement with this model at critical
cluster size of 4( 1. This cluster size was identical for both
fast (1OH) and slow (2OH) photoacids.14

Schulman et al.13,19 studied PTTS of 2OH, 2,6-naphtholsul-
fonate, and 8-hydroxy-1,3,6-pyrenetrisulfonate (HPTS) in etha-
nol/water and DMSO/water mixtures. It was found that the
overall dissociation rate constant,koff, had a linear dependence
on the water activity,R(H2O), of the corresponding solution:

wherekoff° is the rate constant in pure water (R ) 1) andτ0 is
the lifetime of the R*OH in its lowest excited state in water in
the absence of proton transfer. It was found for all compounds
that F ) 12, and this value was interpreted as the number of
water molecules in the proton acceptor cluster.13,19The signifi-
cant difference with the value of 4( 1 obtained by Robinson
et al.5-7,14 was explained by the possible involvement of water
molecules of outer coordination shells in the reaction.

Klein et al.11c suggested that protolytic photodissociation of
1-hydroxy-4-naphthalenesulfonate (4S1OH) (pKa* ≈ -0.1 in
water) in propanol/water mixtures requires a critical water
concentration (4.1( 0.3 M at 25oC). Above this critical value,
only two water molecules are needed to sustain the proton-
accepting cluster.

Agmon et al.9 applied the theory of geminate diffusion-
influenced reactions21 to the PTTS of HPTS in methanol/water
mixtures in the water-rich region. At all water concentrations
the kinetics obeyed the transient Smoluchowski equation for
diffusion of the geminate proton in a Coulomb potential with
“back-reaction” boundary conditions. This was manifested in

* Address correspondence to this author at The Hebrew University.
E-mail: solntsev@fh.huji.ac.il.

† Tel Aviv University.
‡ The Hebrew University.
§ Georgia Institute of Technology.

ln(koffτ0) ) ln(koff°τ0) + F ln R(H2O) (1)
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the R*OH fluorescence signal, which turned over from an initial
exponential decay to a long-time power law (t-3/2). Thus
kinetically water molecule diffusion, which is supposedly
required to form the critical cluster, is not observed.9

In all cases described above the range of solvents investigated
has been limited to water and its mixtures with various organic
solvents for which the acidity of photoacids was sufficient to
observe photodissociation:koff g 0.1/τ0. Simple estimation using
the well-known Brønsted-type correlations1d,17,22between log
koff and pKa* on one hand and the known differences between
acidity constants in water and in methanol23,24 on the other,
suggests that a photoacid capable of protolytic photodissociation
in pure methanol must have pKa* e 0.5 in water.

The influence of substituents on the acidity of hydroxyaro-
matic compounds is well described in the literature.25 The cyano
group is one of the strongest electron-withdrawing groups
(Hammett substituent constantσ ) 0.6-0.725).Tolbert et al.26

have synthesized several cyano-substituted naphthols [e.g.,
5-cyano-2-naphthol (5CN2OH), 5,8-dicyano-2-naphthol (DCN2),
and some others]. These compounds, being very strong photo-
acids (pKa* < 0 in water), were found to transfer their proton
not only to water, but also to solvents with lower polarity, such
as alcohols, amides, and DMSO.18,26-28 We have investigated
PTTS from 5CN2OH to neat organic solvents in part 1 of this
series.29

It was demonstrated that both ground- and excited-state pKa’s
are sensitive to the position of the substitution on the naphthalene
ring.26,28,29It is known that electrophilic attack on naphthols in
thermal organic reactions (such as the Friedel-Krafts acylation)
is directed toward specific aromatic carbon atoms depending
on the hydroxyl group location. For 1OH the attack is on
positions C-2 and C-4 whereas for 2OH it is on C-1 and C-6.30

Incorporation of an electron donor (or acceptor) substituent in
these positions leads to a pronounced decrease (or, correspond-
ingly, increase) in ground-state naphthol acidity.25,31

Upon excitation, the electron density of naphthols moves from
the oxygen toward the distal ring, and therefore the target of an
electrophilic attack changes as compared to the ground state.
One of the most investigated excited-state electrophilic substitu-
tion reactions in naphthols is fluorescence quenching by
protons.32 Using IR and NMR methods it was shown that
photochemical hydrogen/deuterium exchange on the distal ring
occurs predominantly in the 1OH C-5 and C-8 positions.32,33

Consequently, it was found that 1OH derivatives with electron-
withdrawing substituents at C-5 and C-8 positions enhance their
excited-state acidity.26,28It was however found that also the 2OH
derivatives 5CN2OH and 8CN2OH have a much lower pKa*
than 6- or 7-cyano-2-naphthols, 5CN2OH being the strongest
photoacid (in water pKa* ≈ -1.2 as evaluated from Fo¨rster cycle
and≈ -0.3 from kinetic measurements).26,28 It is interesting
to note that, despite a great decrease of pKa* as compared to
2OH (∆pKa* ≈ - 3.0), the ground-state pKa (8.75, ref 26a)
shows a more limited variation with substitution (∆pKa ≈ -
0.7), in accord with the ground-state charge distribution in
naphthols as described above.

Protolytic photodissociation of 5CN2OH in pure methanol
and water and in an array of neat organic solvents was studied
by us extensively.28,29,34-36 Thus this compound, like other
cyanonaphthols,18,27 seems to be a unique molecule for inves-
tigating protolytic dissociation over the full range of methanol/
water composition. Pines et al. investigated the protolytic
photodissociation of 5-cyano-1-naphthol (5CN1OH) in a wide
range of methanol/water mixtures.18 However, because of the
poor signal-to-noise ratio due to very low R*OH and R*O-

fluorescence quantum yields, the kinetic curves were fitted using
a biexponential function instead of the established diffusion
approach.21,34,37Consequently, only the overall dissociation rate
constant was determined, so the detailed mechanism of revers-
ible geminate protolytic photodissociation of “super” photoacids
in water/methanol mixtures remains unexplored.

The theory of geminate diffusion-influenced reactions has
been successfully applied to the description of PTTS from
5CN2OH to pure water and methanol, as well as to other neat
solvents.29,34,36However, the rates of dissociation and quenching
by geminate protons in neat methanol were too slow to allow
one to observe the full power-law asymptotic behavior predicted
for R*OH and R*O- (see Theory section).34,35 On the other
hand, in pure water the dissociation is extremely fast and the
quenching effect is strong but, due to aggregation caused by
low solubility, the long-time behavior is masked by the slowly
decaying fluorescence of the aggregates. We have initiated this
research with the hope that water/methanol mixtures will provide
a reasonable compromise between the conflicting demands of
solubility and reactivity. We hope to elucidate the PTTS
mechanism in the methanol-rich region, where the properties
of single water molecules may play a crucial role, and in the
water-rich region where properties of the whole water network
can be essential. Our work is also the first attempt to check
whether proton photodissociation of hydroxyaromatic com-
pounds inthe wholerange of methanol/water mixtures can be
described by the Debye-Smoluchowski equation with the back-
reaction boundary condition.21,34-36 This mechanistic investiga-
tion is assisted by a measurement of H/D isotope effects on the
kinetics of PTTS in MeOD/D2O mixtures.

II. Experimental Section

Experimental details were already described thoroughly in
part 1 of this series.29 Briefly, steady-state fluorescence spectra
of nondeoxygenated 5CN2OH solutions were recorded on a
SLM-AMINCO-Bowman 2 luminescence spectrometer. Fluo-
rescence quantum yields were determined using dilute solutions
of anthracene in aerated ethanol as a standard reference in a
manner described in part 1.29 Transient fluorescence was
detected using time-correlated single-photon counting as de-
scribed earlier.28,29A synchronized, cavity dumped picosecond
Rhodamine 6G dye laser, driven by a Nd:YAG laser, was used
as a source of excitation. The time-resolved signals from R*OH
and R*O- were detected at 370 and 570 nm, correspondingly.
The time resolution varied from 4.88 to 97.7 ps/channel while
the instrument response function (IRF) at the short time scales
had a full-width at half-maximum of about 40 ps. 5CN2OH
and other cyanonaphthols were synthesized and purified as
described elsewhere.26 The methanol solvent was BDH HPLC
grade with<0.05% water. Deionized water (resistivity> 10
MΩ/cm) was used. D2O, 99.8% isotopically pure, and MeOD,
99.5% isotopically pure, were purchased from Aldrich. Solvents
did not contain fluorescent impurities and were used without
further purification. Methanol/water mixtures were prepared by
the volumetric method. All experiments were performed at room
temperature (ca. 22oC).

III. Theory

Our approach considers the proton-transfer process as a
transient, nonequilibrium dissociation reaction of an excited-
state molecule, using a two-step reaction model (Scheme
1).21,35,38Excitation of a solution at pH values lower than the
ground-state pKa of naphthol prepares, within a few hundred
femtoseconds, a vibrationally relaxed, electronically excited
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ROH molecule (denoted by R*OH). Proton dissociation, with
an intrinsic rate constantkd, leads to formation of the contact
ion pair (CIP) R*O-‚‚‚H+, whereas adiabatic recombination
with rate constantka may re-form the excited acid. In general,
back protonation may proceed also by a nonadiabatic pathway,
involving proton quenching with a rate constantkq. Separation
of a CIP from the contact radius,a, to infinity is described by
the transient numerical solution of the Debye-Smoluchowski
equation (DSE). Additionally, one should consider the fluores-
cence lifetimes of all excited species, 1/k0 ) τ0 for the acid,
1/k0′ ) τ0′ for the base and 1/k0′′ ) τ0′′ for the CIP. Usually,
k0′′ is much slower than all chemical and diffusion processes
and can be ignored.

Let us denote byp(*,t|*) the probability of finding the initially
bound pair at timet after excitation in its bound excited-state
(R*OH), whereasp(r,t|*) denotes the probability density for
the unbound excited pair to have a separationr g a. According
to Scheme 1, the spherically symmetric DSE can be written as

which is coupled to a kinetic equation for the bound state:

D ) DH+ + DR*O- is the mutual diffusion coefficient of the
proton and its conjugate base. The Coulomb attraction potential
is V(r) ) -RD/r, where the Debye radius,RD, at the temperature
T is given by

z1 andz2 are the charges of the proton and the base andε is the
static dielectric constant. “Sink terms” for association,Wa(r),
dissociation,Wd(r), and geminate quenching,Wq(r), refer to
contact reactivity:

Unlike electron-transfer reactions, there is no evidence for
distance-dependent reactivity in PTTS. The time dependence
of the survival probability of the excited anion is subsequently
given by

It was shown that geminate recombination leads to nonex-
ponential decay of the R*OH signal, whose asymptotic behavior
is a power law, namely21,34,35

Recently we have demonstrated34,35 that proton quenching and
nonequal lifetimes of R*OH and R*O- (k0 * k0′) lead to at-1/2

asymptotic decay of the R*O- signal

The ultimate escape probabilityZ is given by the formula34,35

where the diffusional and overall separation rate coefficients
are defined by

The excited-state pKa* can be calculated from the rate param-
eters according to

The scaling factor 1027/NA converts Å3/ns units into mol (L s)-1.
In the present work we provide experimental evidence for

the unusual nonexponential kinetics of 5CN2OH following its
protolytic photodissociation in agreement with eqs 7 and 8.
Specifically, we show the following:

(a) Both the acid and the base decay with the lifetime of the
anion, τ0′ ≡ 1/k0′.

(b) The acid signal decays with thet-3/2 asymptotic law.
(c) Due to protolytic quenching, the anion signal,S(t|*)

exp(k0′t), goes through a maximum and approachesZ from
above with at-1/2 asymptotic law.

IV. Fitting Procedures

Experimental data were fitted to the numerical solution of
the time-dependent DSE, eqs 2 and 3, using a Windows
application for solving the spherically symmetric diffusion
problem (SSDP version 2.55).37 Details of the fitting procedure
were described comprehensively in part 1,29 so here we discuss
briefly only those technical aspects which are specific to
methanol/water mixtures. As in the previous work,29 we have
used only three adjustable kinetic parameters,kd, ka, andkq, to
analyze the fluorescence decay curves ofboth acid and anion.
The R*O- lifetimes found at long times at neutral pH and from
a single-exponential decay fit of R*O- directly excited in basic
solutions were identical. Other parameters were estimated from
literature data as follows.

A. Parameter Determination. 1. The Interaction Potential.
For 5CN2OH at room temperature the Debye radius isRD ≡
566/ε Å, according to eq 4. Figure 1 shows literature values
for the static dielectric constant,ε, of methanol/water mix-
tures.39-42 We have found that these data (except ref 41) can
be satisfactorily fitted by the polynomial (r ) 0.997)

where x is the molar fraction of water in methanol/water
mixtures (Figure 1). Below, we use this formula to calculate
the values ofRD in the methanol/water mixtures investigated.

SCHEME 1

∂

∂t
p(r,t|*) ) r-2 ∂

∂r
Dr2e-V(r) ∂

∂r
eV(r)p(r,t|*) -

[Wa(r) + Wq(r) + k0′]p(r,t|*) + Wd(r) p(*,t|*) (2)

∂

∂t
p(*,t|*) ) 4π∫Wa(r) p(r,t|*) r2 dr - (kd + k0)p(*,t|*) (3)

RD ≡ |z1z2|e2/(kBTε) (4)

Wd(r) )
kdδ(r - a)

4πa2
, Wa(r) )

kaδ(r - a)

4πa2
,

Wq(r) )
kqδ(r - a)

4πa2
(5)

S(t|*) ) 4π∫a

∞
p(r,t|*) r2 dr (6)

p(*,t|*) exp(k0′t) ∼ ka exp(RD/a)Z2

kd(4πDt)3/2
(7)

S(t|*) exp(k0′t) - Z ∼
[(ka + kq)(k0 -k0′) + kqkd] exp(RD/a)Z2

kd(4πD)xπDt
(8)

Z )
koff k-D

(koff + k0 - k0′)k-D + kqkoff

(9)

k-D )
4πDRD

exp(RD/a) - 1
, koff )

kdk-D

ka + k-D + kq
(10)

pKa* ) -log
1027kd exp(-RD/a)

kaNA
(11)

ε(x) ) 32.91+ 0.208x + 0.00246x2 (12)
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The dielectric constants for CD3OD and D2O, are identical,
within the error bars, to those of CH3OH and H2O.43 Hence,
we have used eq 12 also for deuterated methanol/water mixtures.

2. The Diffusion Coefficients.The mutual diffusion coefficient
D is a sum of the proton (DH+) and the naphtholate (DR*O-)
diffusion coefficients. The proton diffusion coefficient is
estimated using the Nernst equation44

where λ° is the limiting proton mobility andF is Faraday’s
constant. Forλ° in units of Ω-1 cm2 equiv-1

at 25 °C. The limiting proton mobility was estimated from
electrochemical data on equivalent conductivity of hydrochloric
acid and transference number of protons in methanol/water
mixtures.45 The naphtholate diffusion coefficient (DR*O-,
1.13 × 10-5 cm2/s) used by Weller46 and others47 seems too
large for the conjugated base of 5CN2OH. Diffusion coefficients
of aromatic compounds in aqueous solutions (DR*O-,H2O) usually
do not exceed 0.95× 10-5 cm2/s.48 In our work we use the
value of 0.75× 10-5 cm2/s for the diffusion coefficient of the
5CN2OH anion in water, as evaluated from experimental data
of various substituted naphthalenes.49 Values of diffusion
coefficients in methanol/water mixtures (DR*O-) were assumed
to be directly proportional to the viscosity ratio of water and
the mixture50 (ηH2O/η):

The dependence of the diffusion coefficients on mixture
compositions is shown in Figure 2.

To determine the values ofD in MeOD/D2O mixtures, we
consider the possible influence of deuteration on bothDH+ and
DR*O-. In water the isotopic mobility ratio isλH+/λD+ ) x2.43

As this ratio in methanol is unknown, we have assumed that
DH+/DD+ ) x2 at all water concentrations. The diffusion
coefficient of R*O- was estimated using the known values of
ηD2O/ηH2O (1.2, ref 43) andηMeOD/ηMeOH (1.1, estimated from
average solvation times of the MeOD dipole in ref 51).

B. Data Correction for Band Overlap, Background, and
Impurities. As mentioned in our previous publications,28,29 at
high water contents R*OH fluorescence exhibits a long-lived
component not related to protolytic photodissociation. Its
contribution increases with increasing water content from 0.03%
at 3 mol % water up to 0.3% at 90 mol % water and even higher
in pure water. Since the lifetime of this component (8( 1 ns)
is shorter than that of R*O-, it cannot be attributed to the
appearance of the R*O- signal at 375( 5 nm. This long-lived
component does not influence the initial fast decay of R*OH
which is governed mainly bykd andka. Figure 3 demonstrates
the subtraction of this component from the decay curves of
R*OH in 25.3 mol % aqueous methanol solution. As in our
previous study28,29we attribute this component to (a) oligomers
of 5CN2OH whose solubility decreases significantly from
methanol to water, (b) impurities which do not undergo PTTS,
for example, the precursor in the multistep synthesis of
5CN2OH, namely 5-cyano-2-methoxynaphthalene,26 or (c) slight
decomposition of the original compound.

V. Results and Discussion

A. Steady-State Spectra.Emission spectra of monocyano
derivatives of 2-naphthol in methanol are presented in Figure

Figure 1. Dielectric constant of methanol/water mixtures. Closed
circles, ref 39; closed squares, ref 40; crosses, ref 41. Open symbols,
data from book of Akhadov42 [A, n] with n corresponding to reference
numbers from this book. Solid line is the best polynomial fit, eq 12.
See text for details.

Figure 2. Diffusion coefficients of the proton, naphtholate anion, and
their sum in methanol/water mixtures.

Figure 3. Time-resolved kinetics of 5CN2OH in 25.3 mol % aqueous
methanol. Experimental R*OH signal (points, normalized to the
theoretical amplitudes) are compared with the numerical solution of
the DSE (lines) after convolution with the IRF. The solid line takes
into account a small fraction of impurity (see text for details).

DH+ ) RTλ°/F2 (13)

DH+ ) 2.66× 10-7λ° (cm2/s) (14)

DR*O- ) DR*O-,H2O
ηH2O

/η (15)
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4. The appearance of the low energy (R*O-) emission band at
500 nm for 5CN2OH and 8CN2OH indicates an efficient PTTS
process. The largest ratio of the R*O--to-R*OH intensities for
5CN2OH reflects the highest reactivity of this compound among
this family of cyanonaphthols. This reactivity order is cor-
roborated time-resolved data.28 With the exception of 8CN2OH,
it appears that the photoacidity correlates with the red-shift of
the R*OH band. A possible explanation for this exception could
be a solvent-bridged intramolecular hydrogen bond between
hydroxylic and cyano groups, whose cleavage is a prerequisite
for PTTS in 8CN2OH. A similar bridge was proposed for other
bifunctional compounds, such as 7-azaindole52 and 7-hydroxy-
quinoline.53

The emission spectra of 5CN2OH in methanol-water mix-
tures of several concentrations are shown in Figure 5. All spectra
were normalized to equal absorbance at the excitation wave-
length, 304 nm. Hence the isoemissive point observed in the
methanol-rich region is a real effect. With the increase of water
content in the mixtures, we observe a substantial decrease of
the fluorescence intensity of the nondissociated form of naphthol
at 390 nm and a concomitant increase of naphtholate intensity
at 510 nm. This well-known effect in hydroxyaromatic
compounds2-18 is attributed to the increase of the protolytic
photodissociation rate with increasing water concentration. Only
a very small bathochromic shift was observed for both RO*H

and R*O- bands as the water concentration increased.29,54

Therefore, there is no spectral evidence for preferential solvation
of 5CN2OH in methanol/water solutions.

Note, however, that changing the organic cosolvent can lead
to a sizable preferential solvation as evidenced in the spectral
shift. Upon addition ofsmall amounts of water (up to ca. 5
mol %) to acetonitrile solutions of 5CN2OH, a pronounced
bathochromic shift (without the appearance of R*O- fluores-
cence) is observed in the fluorescence spectra (Figure 6). This
indicates preferential solvation of cyanonaphthol by water
molecules through hydrogen-bonding and dipole-solvent in-
teractions. Despite the small intensity decrease (Figure 6), no
change in fluorescence quantum yield and lifetime of R*OH is
observed (data not presented). It is interesting to note that the
fluorescence of R*O- was only observed above a certain
minimal water concentration (8.5 mol %), when the wavelength
of R*OH emission maximum approaches its value in neat
alcohols (386 nm).29 With the additional increase of water
concentration above 10 mol % no further change in the position
of the R*OH emission maximum was observed.

B. Time-Resolved Fluorescence.Figure 7 shows time-
resolved fluorescence of 5CN2OH in methanol/water composi-
tions corresponding to the steady-state spectra shown in Figure
5. The decaying curves correspond to the R*OH signal [I(t) )
p(*,t|*), eq 2], whereas the rising curves are the R*O- signal
[I(t) ) S(t|*), eq 6]. The data (dots) are processed as described
in part 129 and in section IV.B and multiplied by exp(t/τ0′). The
theoretical curves (lines) represent the numerical solution of eqs
2 and 3 with appropriate parameters collected in Table 1. Only
the three rate coefficients,kd, ka, andkq, were used as adjustable
parameters. Analogous data in MeOD/D2O solutions are given
in Table 2. The experimental data were convoluted with IRF
and normalized to the absolute intensities of the theoretical
signal.

At low water concentrations the effective anion signal rises
and approaches the ultimate escape probabilityZ of eq 9
(dash-dotted lines). With the increase of water content,S(t|*)
exp(t/τ0′) reaches a peak and then approachesZ from above.
This effect, attributed to contact quenching by the geminate
proton, was previously observed for 1-naphthol.55 However, due
to the absence of appropriate theory,35 the data has not been
analyzed asymptotically using eqs 7 and 8.

The diffusive mechanism underlying the PTTS process is
expected to result in the asymptotic power laws for R*OH and

Figure 4. Fluorescence spectra of cyanoderivatives of 2-naphthol in
methanol. Spectrum of 2-naphthol (most blue-shifted) is given for
comparison.

Figure 5. Fluorescence spectra of 5CN2OH in methanol/water
mixtures. Water content (for R*OH band, from top to bottom) is 0,
1.78, 6.75, 11.2, 25.3, and 47.5 mol %.

Figure 6. Fluorescence spectra of 5CN2OH in acetonitrile/water
mixtures. Water content (top to bottom) is 0, 1.2, 2.3, 3.9, 5.5, 7.1,
and 8.5 mol %. A weak R*O- signal appears in the last spectrum.
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R*O- signals as depicted in eqs 7 and 8, respectively. To
demonstrate this, we replot one pair of [R*OH] exp(t/τ0′) and
[R*O-] exp(t/τ0′)-Z curves on a log-log scale in Figure 8.
Both experiment (points) and theory (full lines) approach the
power-law limits predicted by eqs 7 and 8 (dash-dot lines)
during the excited-state lifetimes of acid and base: The acid
decays ast-3/2 whereas the base decays with thet-1/2 law.
Similar power-law asymptotics were observed for other solvent
compositions. Figure 9 demonstrates this for the R*OH time-
resolved data. It is obvious that after correction for thebase
fluorescence lifetime,τ0′, all data follow the ubiquitoust-3/2

asymptotic law (dash-dotted lines).
In the water-rich region, starting from ca. 50 mol % H2O,

the accuracy of the determination of the PTTS rate constant
decreases. The dissociation rate increases and approaches the
time resolution of our single-photon counting system (see
Experimental Section). 5CN2OH aggregation and impurities
(Figure 3) mask the effect of geminate recombination and,

therefore, hinder the accurate determination ofka and kq.
Although the R*O- signal can be easily detected in this solvent
region, thet-1/2 nonexponential decay is hardly seen because
the quenching reaction now occurs within the IRF. Thus time-
resolution limits the accuracy of our measurements in the water-
rich region.

C. Free-Energy Relationship.The dissociation rate coef-
ficient, kd, depends nonlinearly on the mole fraction of water
(Figure 10), showing strong variation in the methanol-rich region
and changing very little in the 0-60% MeOH region. A similar
effect was observed for 5CN1OH.18 It was explained by (a)
preferential solvation of the hydroxyl moiety by water and (b)
gradual change in the solvation energy of the CIP.

We have analyzed the dependence of the dissociation rate
constant on the free energy of the reaction. In contrast to the
kd-MeOH% relation, the Brønsted-type dependence in the log
kd-pKa* coordinates shows only a slight deviation from a slope
of -1 in water-rich solutions (Figure 11). Several workers1d,17,56

Figure 7. Time-resolved kinetics of 5CN2OH in methanol/water mixtures of the same concentrations as in Figure 5. Experimental fluorescence
data for both acid and anion (points, normalized to the theoretical amplitudes) are compared with the numerical solution of the DSE (dashed lines,
R*OH; full lines, R*O-), using the parameters of Table 1, and after convolution with the IRF. All lines are corrected for the lifetime of the anion.
The dash-dotted lines are the ultimate dissociation probabilities,Z, from eq 9.
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have correlatedkd for various photoacids with their pKa*, using
a procedure suggested by Marcus57 and Agmon and Levine.58

The basic assumption in this approach is that within a family
of similar reactions the free-energy barrier varies smoothly with
the total free-energy change of the reaction. In our case we have

for the total free-energy change, whereKa* is given by eq 11.
The measured dissociation constants are assumed to obey an

Arrhenius relation:

where the free-energy barrier for reaction,Ga, depends on∆G
and on some intrinsic barrierGa°, defined asGa for a symmetric
(∆G ) 0) reaction in the series58

Heren# is the location of the reaction barrier along the proton
coordinate:n# ) 0 (reactant like) for the endothermic limit and
n# ) 1 (product like) for the exothermic one. It is given by

The use of structure-reactivity correlations for different
aromatic photoacids is summarized by Arnaut and Formosinho,1d

who find Ga° ) 1.9 kcal/mol. Pines et al.56 found kd° ) 2 ×
1011 s-1 andGa° ) 2.5 kcal/mol, whereas for a single compound,
5CN1OH, in various methanol/water mixtures, the values of
kd° ) 2.5 × 1011 s-1 andGa° ) 1.6 kcal/mol were obtained.18

This places the activationless limit of proton transfer in water,

TABLE 1: Parameters Used in Fitting the Time-Resolved
Fluorescence Decay of 5CN2OH to Eqs 2 and 3 and
Calculated pKa* Values in MeOH/H2O Mixturesa

mol %
H2O

vol %
H2O

kd,
1/ns

ka/4πa2,
Å/ns

kq/4πa2,
Å/ns

τ0′,
ns

D, 10-5

cm2/s
RD,
Å pKa*

0 0 0.22 16.0 2.3 10.15 3.66 17.20 2.58
0.90 0.40 0.42 15.3 3 10.1 3.15 17.10 2.27
1.78 0.79 0.55 15.3 4 10.2 2.86 17.00 2.15
2.64 1.19 0.63 14.7 6.8 10.7 2.74 16.91 2.06
3.49 1.57 0.75 14.9 8 10.7 2.61 16.81 1.98
4.33 1.96 0.91 15.6 9 10.7 2.54 16.72 1.91
5.15 2.34 1.05 15.4 9.2 10.7 2.47 16.63 1.84
6.75 3.10 1.21 15.0 9.3 10.9 2.36 16.44 1.75
8.29 3.85 1.47 15.5 9.7 11 2.29 16.26 1.67
9.05 4.21 1.61 15.6 10.5 11 2.27 16.17 1.62
9.79 4.58 1.79 13.5 10.5 11.2 2.24 16.09 1.51

10.5 4.94 1.95 15.0 11 11.2 2.21 16.00 1.51
11.2 5.30 2.0 15.0 11 11.2 2.20 15.91 1.49
11.9 5.66 2.2 14.3 12 11.2 2.19 15.84 1.42
14.5 6.98 3.0 15.7 12 11.7 2.14 15.53 1.30
25.3 13.1 6.3 17 12 12.9 2.12 14.23 0.91
33.7 18.4 9.9 19 13 13.9 2.25 13.25 0.69
40.4 23.1 13.5 20 12 14.3 2.47 12.49 0.52
47.5 28.6 15.4 21 11 14.3 2.7 11.71 0.42
60.1 40 18.5 22 13 14.5 3.3 10.42 0.26
69.3 50 21 23 13 13.2 4.07 9.57 0.15
87.1 75 28 26 12 9.4 6.6 8.13-0.03
95.3 90 33 28 12 7.4 8.25 7.54-0.12
98.3 96.2 45 26 11 7.25 11 7.28-0.30

a At all concentrations we have takena ) 5.5 Å andτ0 ) 5.7 ns.
Due to our finite time resolution, experimental errors are considerably
larger in the water-rich region.

TABLE 2: Parameters Used in Fitting the Time-Resolved
Fluorescence Decay of 5CN2OH to Eqs 2 and 3 and
Calculated pKa* Values in MeOD/D2O Mixturesa

mol %
D2O

kd,
1/ns

ka/4πa2,
Å/ns

kq/4πa2,
Å/ns

τ0,
ns

τ0′,
ns

D, 10-5

cm2/s
RD,
Å pKa*

0 0.097 11.2 0.7 6.2 11.6 2.75 17.2 2.78
2.19 0.18 11.4 2 5.8 12 2.13 16.96 2.50
4.81 0.38 11.7 3.5 5.8 12.6 1.91 16.66 2.16
7.76 0.61 11.8 6 6 13.4 1.76 16.38 1.94

12.3 1.01 12 7.7 5.8 14.4 1.65 15.71 1.67
17.4 1.7 12.4 7.5 5.7 15.6 1.6 15.18 1.42
24.4 2.85 12.6 8 5.7 17.1 1.59 14.34 1.14
32.9 3.8 12.8 9 5.7 18.9 1.66 13.34 0.94
41.2 5.0 12.8 9 5.7 19.7 1.81 12.4 0.75
49.5 6.3 13 9 5.7 21.5 2.02 11.5 0.58
59.6 7.8 13.1 9 5.7 21.9 2.36 10.47 0.41
62.9 8.8 13 8 5.7 22 2.53 10.16 0.33
69.2 9.3 13.3 8 5.7 22 2.93 9.57 0.27
73.7 10.5 13.3 8 5.7 22 3.25 9.19 0.19
77.1 12.4 13.4 8 5.7 21.3 3.56 8.91 0.10
84.0 14.6 13.5 8 5.7 19.7 4.31 8.36-0.015
90.5 17.5 16 8 5.7 17.7 5.2 7.87-0.06
95.3 19 16 8 5.7 16.5 5.8 7.53-0.12
97.8 21 17 8 5.7 15.5 6.7 7.36-0.15

a At all concentrations we have takena ) 5.5 Å. Due to our finite
time resolution, experimental errors are considerably larger in the water-
rich region.

∆G ) -RT ln Ka* (16)

Figure 8. Data for 47.5 mol % H2O from Figure 7 portrayed on a
log-log scale. Dash-dotted lines are asymptotic behaviors from eqs
7 and 8. Full line is the numerical solution of eqs 2 and 3, convoluted
with the IRF. The wiggle near 1.5 ns is due to a parasitic excitation
afterpulse.

Figure 9. Time-resolved kinetics of 5CN2OH R*OH band in methanol/
water mixtures of the same composition as in Figure 5 are displayed
on a log-log scale.

kd ) kd° exp[-
Ga

RT] (17)

Ga ) ∆G - Ga° ln(n#)/ln(2) (18)

n# ) [1 + exp(-∆G ln(2)
Ga° )]-1

(19)

4664 J. Phys. Chem. A, Vol. 104, No. 19, 2000 Solntsev et al.



1/kd° ) 4 ps, between the Debye relaxation time (τD ≈ 8 ps for
water at 25°C) and the longitudinal relaxation time,τL )
(ε∞/εs)τD ≈ 0.5 ps, whereε∞ andεs are the dielectric constants
of the solvent at “infinite” and zero frequencies, respectively.

We find that our data in MeOH/H2O mixtures (Figure
11) do not fit well usingkd° ) 2.5× 1011 s-1 and eitherGa° )
1.7 kcal/mol (dashed line) orGa° ) 1.2 kcal/mol (dash-dot
line). The solid line in Figure 11 shows a fit to eqs 16-19 using
a solvent-dependent preexponential factor,kd° ) 3.37 ×
1011 - 2.35× 1010 pKa* s-1, andGa° ) 1.4 kcal/mol. Com-
parison of the two cyanonaphthols shows that the 5CN2OH data
are still far from the “ultimate” dissociation limit, 1/kd° ∼ 3 ps.

A related question concerns the value of the intrinsic barrier
and whether it should equal the activation energy of proton
mobility in water (2.5 kcal/mol).39,44 Assuming water always
to be the proton acceptor, the symmetric case,Ga ) Ga°, might
correspond to H3O+ + H2O h H2O + H3O+. While the
correlation with pKa* yields, as in the case of 5CN1OH in
methanol/water mixtures,18 a smallerGa° value than 2.5 kcal/
mol, the need to introduce a pKa*-dependentkd° questions this
approach: The small curvature in the structure-reactivity
correlation could arise from a variation of the dielectric constant
of the mixture.

To address this problem, it is perhaps preferable to eliminate
first the electrostatic contribution (the Marcus “work terms”)
from the overall pKa* values according to

Such an approach has enabled the comparison of sulfonated
hydroxyaromatic compounds of different charge.17 Plotting the
dependence of 5CN2OHkd vs pKa*chem(Figure 11, upperX-axis)
gives a slope of∼1 for the whole data set, showing that indeed
the nonlinearity of this dependence in the logkd-pKa* coordi-
nates is caused by electrostatic factors. PTTS for 5CN2OH is
in the endothermic regime for all methanol/water concentrations,
and thus the determination of the intrinsic barrier requires even
stronger photoacids.

D. Isotope Effects.The isotope effect on the photodissocia-
tion rate of the “super” photoacids was investigated earlier in
pure water and methanol27,28and their mixtures.18 With decreas-
ing pKa* (i.e., increasing water content), this reaction exhibits
a transition from activation control to solvent control, manifested
in a decrease of the isotope effect onkd, from 2.6 to 1.6.
5CN2OH is less acidic than 5CN1OH and its protolytic
photodissociation in water is far from the activationless limit
(Figure 11). The isotope effect forkd (Tables 1 and 2) is
practically constant (2.2( 0.2) in the region 0-80 mol %
MeOH. The error in its determination in the methanol-rich
region is large because uncertainties ink0 lead to larger errors
in the determination ofkd in MeOD/D2O solutions as compared
with MeOH/H2O. Our data also confirm the finding of Huppert
et al.28 that the isotope effect is larger forkd than forka. The
isotope effect onka varies here between 1.3 and 1.7, roughly
equal to the isotope effect for proton mobility (1.4).39,44 These
values suggest a small barrier for proton dissociation and no
barrier for its recombination, in agreement with our observation
from the structure-reactivity correlation that the reaction is in
the endothermic regime.

E. Nature of Proton Acceptor. One of the most intriguing
questions in protolytic photodissociation research is the nature
of the primary proton acceptor. Analysis of time-resolved studies
of the protolytic dissociation of various naphthols in mixed
alcohol/water solutions shows a broad variation in the number
of water molecules in the acceptor cluster. Robinson et al.5-7,14

suggested that a water tetramer is an effective proton acceptor
for both weak (2OH) and strong (1OH) photoexcited acids.
Klein et al.11 have found that the a water dimer is an effective
proton acceptor for the dissociation of 4S1OH in alcohol-water
mixtures. Agmon et al.9 suggested that the proton is solvated
in the water-rich region by a single water molecule, with either
water or methanol in the H3O+ solvation shell. It was proposed
by Tolbert26b that the apparent size of the water cluster decreases
with the increase of photoacid strength.

Use of super photoacids allows us to investigate the situation
in the methanol-rich region. If we assume that PTTS to water
and methanol can be considered as two parallel processes, then
the nature of the proton-accepting water cluster can be deter-
mined by an analysis of the dissociation constant dependence
on water concentration using

wherekm is the dissociation rate in pure methanol andkw is its
water-dependent component. The kinetic order parameter,n, can
be roughly associated with the number of water molecules
involved in the proton-transfer step. Note that near pure
methanol (say, mol % watere 10%) the dielectric constant of

Figure 10. Dependence of dissociation rate constant on solvent
composition.

Figure 11. Brønsted-type dependence of logkd on the pKa*. Parameters
of the free-energy correlations (lines) are given in the text. UpperX-axis
refers to the “chemical” pKa*.

pKa* chem) pKa* - RD/2.303a ) -log(kd/ka) (20)

kd ) km + kw[H2O]n (21)
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the solution hardly changes (Figure 1), so the electrostatic
stabilization of the anion (which plays an important role in the
water-rich region)9 is not a dominant factor. We plot the
photodissociation rate constant as a function of water concentra-
tion according to

in Figure 12. The results of the linear fit are summarized in
Table 3.

The data collected in Figure 12 and Table 3 provide a first
clear demonstration for the decrease ofn with increasing
photoacidity. Thereforen cannotdepict the water cluster size
solvating the proton inbulk methanol/water, which should be
independent of the photoacid. A more reasonable assumption
is thatn reflects the structure of the CIP.53 It was suggested59

that this transient complex, in water, involves a H5O2
+ ion

bridged to the anion by two water molecules. Assuming linear
extrapolation of the lines in Figure 12, it appears, from Table
3, that the weaker photoacids strive to preserve the H5O2

+

moiety in the CIP at high methanol contents. “Super” photo-
acids, in comparison, may tolerate a smaller number of water
molecules in their CIP. The latter may approach the acid
dissociation mechanism investigated by Ando and Hynes,61

where H3O+ is formed in the first and then the second solvation
shell of the anion. Hence with increasing photoacidity the
structure of the CIP undergoes a transition,26b from H5O2

+ to
H3O+ in the second solvation shell of the R*O-.

F. Proton-Induced Quenching.In this study, a significant
5CN2OH fluorescence quenching by geminate protons at neutral
pH has been found. This is evident from the appearance of the
maximum in the R*O- fluorescence signal in Figure 7 (see
subsection B).

It is important to note that there are two alternative mecha-
nisms of R*O- nonadiabatic protonation. One refers to the
protonation of a carbon atom of the naphthalene ring,32,33while
the other involves3,22a,62protonrecombination-induced deactiVa-
tion to the ground state. This radiationless process competing
with proton transfer in a reactive hydrogen-bonded complex is
caused by the appearance of new modes promoting an efficient
internal conversion in the vicinity of the reaction’s transition
state. Kuz’min and co-workers suggested22a,62 that the latter
process can be especially effective in two cases: First is the
presence of two close-lying excited states,1Lb and1La as in the
case of 1-naphthol and 1-naphthylamine, and their possible
inversion upon excitation.62a Second is the case of large
differences between the ground- and excited-state RO- dipole
moments, as observed for 1-naphtholate in water.62c We do not
have evidence of a dramatic increase of the 5CN2O- dipole
moment upon excitation. In addition, the shape of the absorption
and fluorescence spectra of 5CN2OH do not differ from that of
2-naphthol, suggesting a similar electronic structure, or, at least,
nonmixing of1Lb and1La states. Therefore, as in 2OH, recom-
bination-induced deactivation has a minor importance for
nonadiabatic protonation of 5CN2OH.

It is interesting to compare the quenching processes in
5CN2OH and 2OH. No quenching bygeminateprotons was
reported for the excited 2OH anion. We believe, however, that
the relatively slow protolytic photodissociation of 2OH in water
does not allow one to observe the nonadiabatic recombination
in the time-resolved signal of either R*OH and R*O-. Indeed,
the efficiency of adiabatic protonation,φ ) ka/(ka + kq), by
homogeneousprotons (0.73-0.8)63a,64 in water is surprisingly
close to the value obtained in the present work for 5CN2O-

quenching bygeminateprotons (Table 1). Both values are much
higher than for 1OH (∼0.3).55,63bMore efficient proton quench-
ing in 1OH derivatives was explained by Webb et al.33 on the
basis of a MNDO calculation. They demonstrated that the
excited state protonation of the naphthalene ring is exothermic
for 5H1O formation and endothermic for 6H2O and 8H2O
(R ) H) formation (Scheme 2). A detailed scheme of proton-
induced fluorescence quenching of 2-naphthol derivatives shows
that C-5 substitution does not influence directly the C-6 and
C-8 positions, which are supposed to be the most probable sites
for electrophilic attack on the distal ring (Scheme 2). The
similarity of φ for 2OH and 5CN2OH indeed suggests that their
quenching mechanism is similar. Alternatively, Tolbert and
Haubrich have proposed that protonation of the cyano group
can be effective in the case of cyanonaphthols.26b However,
Shizuka demonstrated32 that the rate constants of proton
quenching of 1- and 2-cyanonaphthalenes are 2 orders of
magnitude smaller than those of hydroxy- and methoxynaph-
thalenes. Accordingly, the cyano group plays only a minor role
in the quenching process.

Figure 12. Dependence of proton photodissociation rate coefficient
(in s-1) on molar water concentration in methanol/water mixtures for
various naphthols according to eq 22. See Table 3.

TABLE 3: Slopes of Dependences According to Eq 22 for
Various Hydroxyaromatic Compounds in Methanol/Water
Mixtures

compound pKa* a
kw,
1/ns

km,
1/ns n ref

DCN2 ∼ -4 4.7 10 0.81( 0.03 60
5CN2OH/H2O -0.3 0.66 0.22 0.87( 0.02 this work
5CN2OH/D2O -0.15 0.22 0.097 1.35( 0.02 this work
1OH 0.4 0.036 0 1.35( 0.02 9
HPTS 1.3 0.0016 0 2.00( 0.13 9
4S1OH -0.1 0.0032 0 2.02( 0.04 11a

a In water.

log(kd - km) ) log kw + n log [H2O] (22)

SCHEME 2

4666 J. Phys. Chem. A, Vol. 104, No. 19, 2000 Solntsev et al.



We have found a unique dependence ofφ on water concen-
tration in methanol/water mixtures. The efficiency of adiabatic
protonation decreases sharply with the increase of water content
from 0 up to 10 mol % and remains almost constant with further
addition of water (Figure 13). Interestingly, this dependence
shows no similarity to the dependence of the diffusion coef-
ficient on water content (Figure 2). It is therefore unlikely that
the mechanism of proton migration from the OH group to the
quenching site(s) resembles that of proton mobility.

The observation of Shizuka,32 that the hydroxy group plays
a major role in the quenching process, and our observation
(Figure 13) of constantkq/ka ratio over most of the concentration
range, could be explained if both processes share thesame
precursor CIP. This could be, for example, the pentameric
ring59,65bridging the O-, via two water molecules, with H5O2

+.
Thus, the diffusing proton is attracted predominantly to the O-

site, where the CIP is formed. This intermediate subsequently
leads to either of the two recombination products.

The branching ratio between the two recombination pathways
is constant as long as there exist hydrogen-bonded water
molecule pathways connecting the CIP with the quenching
site(s), suggesting preferential quenching of the 5CN2OH anion
through water chains.66 Only near pure methanol are water
molecules solvating the O- replaced by methanol and the
quenching path is eliminated.

G. Solvent-Dependent R*O- Deactivation. It has been
shown earlier67 that the lifetime of the 1-naphtholate anion in
alcohol/water and acetonitrile/water mixtures has a bell-shaped
dependence on water concentration and reaches a maximum
around 50 mol % H2O. In the present work a similar dependence
was observed forτ0′ of 5CN2OH in methanol/water mixtures
(Tables 1 and 2, Figure 14). To investigate the effect of water
concentration on the 5CN2O- lifetime, we separated the rate
constants of fluorescence (kf′) and the nonradiative decay (knr′)
using the expressions

whereæ0′ is the absolute quantum yield of the anion fluores-
cence measured here under direct excitation conditions, i.e., at
pH > pKa, monitored by absorbance spectra (Table 4).

We find thatkf′ is practically solvent-independent (average
value ca. 0.02 1/ns). This is in good agreement with the generally
recognized theory: The pure radiative rate constant depends

only on the emission wavenumber,68 which is practically
constant for R*O- at any water concentration. The experimental
values of 1/τ0′ are shown in Figure 14 as circles. According to
eq 24, the values ofkf′/æ0′ should coincide with the indepen-
dently measured 1/τ0′. One can see in Figure 14 that the
dependences of 0.02/æ0′ (squares) and 1/τ0′ (circles) on water
content are identical within experimental error. We fitted
the data of 1/τ0′ (or 0.02/æ0′) to a third-order polynomial:
1/τ0′(x) ) 0.097- 5.2× 10-4x - 1.4× 10-5x2 + 2.5× 10-7x3

1/ns. By subtractingkf′ ) 0.02 1/ns, the dependence ofknr′ on
solvent composition is obtained as the full curve in Figure 14.
Hence, the nonlinear dependencies of 1/æ0′ andk0′ on mol %
H2O result mainly from the behavior of the nonradiative rate
constant.

We tried to correlate the solvent-dependence ofknr′ with
known solvent properties, such as viscosity,η, and the Debye
relaxation time,τD. The dependence ofηH2O/η has a pronounced
minimum at 70 mol % water40 while 1/τD decreases monotoni-
cally from pure water to methanol.69 Their linear combination
fits the bell-shaped dependence ofknr′ on solvent composition
according toknr′ ) 0.04(0.023/τD + ηH2O/η) 1/ns (dashed line
in Figure 14). Thus the bell-shaped dependence ofknr′ follows
that of ηH2O/η. So, we assume thatτD and η are sufficient to
explain the solvent dependence ofknr′.

Lee and Robinson observed70 an analogous bell-shaped
dependence for the overall rate constant of 2-anilinonaphthalene
(2AN) fluorescence decay in methanol-water mixtures and

Figure 13. Efficiency of adiabatic vs diabatic protonation of R*O- in
methanol/water mixtures.

Figure 14. Dependence of R*O- deactivation rates on solvent
composition. Circles, fluorescence decay ratek0′; squares, inverse
fluorescent quantum yield of directly excited naphtholate multiplied
by kf′ ) 0.02; full line is the nonradiative rate constantknr′; dashed
line is the linear combination of water/mixture viscosity ratio and
reciprocal Debye relaxation time of mixtures. See text for details.

TABLE 4: Absolute Quantum Yields of R*O - Fluorescence
under Direct Excitation in Basic Methanol/Water Mixtures
(pH > pKa)

mol % H2O æ0′ mol % H2O æ0′
0 0.181 68.8 0.225
2.2 0.197 75.1 0.283
4.3 0.185 80.4 0.225
8.3 0.200 80.5 0.209

13.6 0.228 85.0 0.203
18.4 0.258 88.0 0.193
22.6 0.220 90.3 0.177
32.6 0.259 92.3 0.165
44.0 0.306 94.1 0.160
53.0 0.269 95.7 0.139
61.4 0.329

1/τ0′ ) kf′ + knr′ (23)

æ0′ ) kf′τ0′ (24)
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attributed it to electron photoejection in the water-rich region
and radiationless deactivation in the less polar region. Yuan and
Brown71 observed an increase of the nonradiative decay of
aminonaphthalimide derivatives in the water-rich region of
ethanol/water mixtures. Alternatively to the electron photoejec-
tion mechanism, they suggested that the excitation energy of
naphthalimide is dissipated into the stretching modes of a cluster
of seven to eight water molecules.

VI. Conclusions

We have studied excited-state proton transfer from an ultrafast
photoacid, 5-cyano-2-naphthol. The range of solvents, investi-
gated in part 1 of this series,29 is extended to methanol/water
mixtures. The enhanced photoacidity of this recently synthesized
molecule allows proton transfer to pure methanol. Therefore
we could probe the behavior of mixtures in the methanol-rich
region, previously inaccessible using conventional photoacids.
On the other hand, in water this molecule exhibits some
solubility/aggregation problems, which could be solved by
synthesizing charged analogues such as cyanonaphtholsul-
fonates. Work in this direction is in progress.

Several interesting observations emerge from this study. We
find that the reaction obeys the mechanism of geminate diffusion
control over the whole composition range, and not only in the
water-rich region accessible for most photoacids. In this
mechanism, the dissociated proton which diffuses in the vicinity
of the anion may recombine with it adiabatically, giving rise to
a t-3/2 tail in the photoacid fluorescence signal. Cyanonaphthols
also undergo nonadiabatic protonation, which quenches the
excited singlet and competes with the reversible protonation of
the hydroxide moiety. Interestingly, this gives rise to at-1/2

decay in the conjugated base fluorescence.55

Fortunately, the theory for these competing diffusion-
influenced reactions in the excited state has recently been
developed,34,35 and it produced the dual power law observed
experimentally. The present study reports a unique agreement
with this theory. Our data, over more than 2 orders of magnitude
in time and 3 orders of magnitude in intensity, fits the theory
in which only the three rate parameters were adjusted. Moreover,
the same parameters explain simultaneously the behavior of both
acid and base. In comparison, kinetic rate theory with three rate
parameters would not explain the behavior of even one of the
two species, because it necessarily leads to exponential, rather
than power law, asymptotics. Thus diffusion theory is indis-
pensable in treating fast liquid-phase reactions.

The good agreement between experiment and theory lends
credit to the derived dependence of the three rate parameters
on solvent composition. First, we have considered the dissocia-
tion rate parameter,kd. As water is added to methanol, the
driving force to the reaction increases and dissociation proceeds
faster. The concomitant decrease of the pKa* value with
increasing water content is dominated by enhanced proton (and
contact ion pair, CIP) stabilization near pure methanol and
diminishing anion stabilization in the water-rich region.9 A
structure-reactivity correlation betweenkd and pKa*, over the
whole composition range, showed only small deviations from
linearity, which could be attributed to the varying dielectric
constant. Thus this reaction is still in the endothermic regime.
Yet stronger photoacids are required to reach the ultimate
dissociation rate in proton transfer to solvent.

An interesting dependence ofkd on water concentration was
revealed. When data from various photoacids was compared,
we found a nearly quadratic dependence for the “ordinary”
photoacids, such as hydroxypyrenetrisulfonate, which changed

to a linear (or sublinear) dependence for cyanonaphthols.
Possibly a requirement for having a H5O2

+ moiety in the CIP
is relaxed with enhanced photoacidity. In “super” photoacids,
the driving force for dissociation is sufficiently large so the
system need not wait for the most favorable water conformation
to evolve.

Finally, the ratio of adiabatic and nonadiabatic (quenching)
rate parameters appeared constant over most of the composition
range, except near pure methanol where the quenching pathway
becomes much less probable. Possibly, both paths share the same
intermediate CIP structure near the hydroxyl moiety. Branching
into the quenching route requires at least one intact hydrogen-
bonded water molecule pathway connecting the CIP to the
quenching site on the distal ring.
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