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Abstract

Kinetics and mechanism of excited-state proton-transfer reactions of 1-naphthol (1N) and 2-octadecyl-1-naphthol (2O1N) were studied
in aqueous acetonitrile and absolute ethanol. Dissociation of 1N and 2O1N in the singlet excited state was characterized by similar rate
and equilibrium constants (k1 ∼ 0.5 ns−1, pK ∼ 1) in contrast to the ground state, where 2O1N is a weaker acid than 1N (�pK = 0.6 in an
acetonitrile–water mixture 2:1, v/v). Main features of the ground and excited-state pK and pK* and excited-state protolytic dissociation rate
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onstantsk1 andkR were rationalized in terms of solvent effects on the energetics of equilibrium between hydrogen bonded comple
air and in terms of electron donating effects of alkoxy group in the ground state and aromatic system in the excited singlet state.
An efficient deactivation process competing with the excited-state proton transfer (ESPT) was observed both for 1N and 2

eeds more complicated kinetic analysis, yet provided a deeper insight into mechanisms of the excited-state proton-transfer r
imple kinetic scheme including transient formation of excited hydrogen-bonded complex and geminate ion-pair and fast deactivat
ransients provided a good description of the protolytic photodissociation for the compounds studied. The rate constants for proton
nduced deactivation were determined for photodissociation of excited 1N and 2O1N in aqueous acetonitrile and their reactions w
nion in absolute ethanol. A remarkable decrease of ESPT rate constant and a substantial increase of the radiationless decay rate
bserved in aqueous acetonitrile as compared to water. The origin of dissimilar solvent effects on these rate constants was discu
2005 Elsevier B.V. All rights reserved.
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. Introduction

Proton transfer is an important elementary step in many
hemical and biological processes[1–3]. Kinetics of the pro-
olytic dissociation, i.e. proton transfer from an acid to solvent
olecules, provides valuable information on solvation and

eaction dynamics. It is known that the acidity of hydroxyaro-
atic compounds (ArOH) and protonated aromatic amines
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(ArNH3
+) substantially increase upon electronic excita

[4]. For more than 50 years, photoinduced proton transf
solvent was being studied in various systems ranging
gas-phase clusters in molecular beams[5] to simple liquids
and to surfactant ensembles[4e,f,i,6,7], inclusion complexe
[8], and proteins[4f,9]. Steady-state and time-resolved
orescence measurements of the protolytic photodissoc
rates have been utilized to probe solvent structure and
ton acceptor entity in various microheterogeneous sys
Recently we introduced several long-chain alkyl derivat
of naphthols[10] as promising fluorescent probes und
going excited-state proton transfer in surfactant assem
Excited-state kinetics of their reactions in micelles was ra
nalized within the framework of a pseudophase model, w
included micellar effects on the proton transfer equilibr
and interfacial diffusion of hydronium ions[11].

010-6030/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
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It is generally recognized that kinetic analysis of proton
transfer reactions in solution has to include a description
of transport phenomena (approach and separation of reac-
tants and products) in addition to protonation-recombination
within a contact ion pair. Several approaches to analysis
of kinetic data have been used to gain a better understand-
ing of mechanisms of proton transfer reactions: analysis of
relationships between reaction kinetics and thermodynamics
(correlation between logk1 or logk−1 and pK, wherek1 and
k−1 are overall rate constants of excited-state deprotonation
and recombination, andK is the excited-state acidity con-
stant[4c,e–g]), detailed investigation of systems with com-
peting processes such as proton-induced deactivation, and
in-depth analysis of the diffusion-controlled reaction kinet-
ics [4j,11–15].

Proton transfer reactions are of the association–disso-
ciation type,A + B = C, which has been intensively studied
in the last decade[12]. Different theoretical approaches have
been accompanied by advanced numerical simulations[13].
These studies revealed the existence of three kinetic regimes
which are the characteristic for the diffusion-assistant reac-
tions:

(1) In accordance with the Smoluchowski theory[14], a
short initial period (not more than several nanoseconds
[15]) is determined by a diffusional equilibration, and the
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Of special interest are recent experimental studies of Hup-
pert [18,19] and Pines groups and the results reported by
Tran-Thi, Hynes and coworkers[20]. Huppert et al. per-
formed systematic studies of various hydroxyaromatic com-
pounds in water and alcohols in the extended temperature
(150–413 K)[18] and pressure (0.1–2.5 GPa)[19] regimes.
To explain unique non-exponential dependence of ESPT rate
constants on temperature and pressure the authors devel-
oped an approximate stepwise two coordinate proton-transfer
model that bridges the high-temperature proton tunneling
limit and the low-temperature solvent controlled limit. Sec-
ond are the studies of Pines et al.[21] and Huppert et al.
[22] who investigated bimolecular reactions between hydrox-
yaromatic photoacids and carboxylates using femto- and
picosecond time-resolved spectroscopies. By varying proton
acceptor concentration and solvent viscosity the authors were
able to separate and observe experimentally the diffusion-
and reaction-controlled steps of the overall proton-transfer
reaction.

Well-known reaction of the ESPT from pyranine to water
[4a] was reinvestigated by Tran-Thi et al. using femtosecond
fluorescence and absorption spectroscopies[20]. The authors
have discovered two ultrafast steps (300 fs and 2.5 ps) which
precede the relatively slow (87 ps) ESPT process. These inter-
mediate steps were related to the solvation dynamics of the
locally excited state and its subsequent relaxation to an inter-
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observed relaxation rates of concentrations corres
to the intrinsic rates of proton transfer within contact
pair. They are larger than those in the following stea
state regime.

2) In this regime the established diffusion produces a
stant flow of reactants through the potential barrier.
fast enough relative diffusion of reactants, this is the m
noticeable process because of its long lasting period
ordinary kinetic scheme with the steady-state rate
stants,k1 andk−1, describes the reaction kinetics v
well.

3) The last regime relates to the relaxation of density flu
ations which gives the power-law (rather than expon
tial) decay for the time-dependent concentration profi
This non-exponential behaviour is observed at the t

t � 2
3k1

ln D3/2

k−1
√

k1
[16], whereD is the mutual diffusion

coefficient of the reactants.

It was shown in Ref.[17] that the Smoluchowski-typ
inetics, which covers regimes (1) and (2), is the lea
erm even in the geminate case when isolated A–B pair
onsidered. It helps to understand why the deviation
xponential decays is observed only in a very limited ra
f experimental systems. In relation to ESPT reactions
rerequisites for deviation of the kinetics from exponen
re: fast deprotonation coupled with very effective ge
ate recombination, such as protolytic photodissociatio
super” photoacids in the solvents of low polarity[4j] .

Ultrafast spectroscopies have been utilized to provi
ore penetrating insight into proton-transfer mechani
ediate electronic state. An intermediate with a lifetim
everal picoseconds was observed for other ESPT sy
23].

The major goal of this study was to analyze kinetics
echanism of excited-state proton transfer reactions
ctadecyl-1-naphthol (2O1N) in homogeneous solutions
ompare them with the data obtained for 1-naphthol
erivatives of 2-naphthol in both homogeneous and mic
olutions[4c,e,10b,24]. Photodissociation kinetics of 1N a
ts derivatives is characterized by efficient proton-indu
uenching[25]. Conceivable mechanisms include indu
eactivation in the reaction complex caused by app
nce of new modes promoting efficient internal conver

26–28] in the vicinity of the transition state of the rea
ion and aromatic ring protonation in the geminate ion
4d,29,30].

Despite complications in the kinetic analysis, prot
nduced deactivation of 1-naphthols appears to be use
tudying structural and environmental effects on the rea
ate and in elucidating the reaction mechanism in mo
lar organized systems. In the previous paper[24], we
emonstrated how the rate constants of elementary
f excited-state proton transfer reactions for 2O1N and
arent compounds can be evaluated in micellar solut
ere, we report similar analysis of concentration-depen
teady-state and time-resolved fluorescence data for h
eneous solutions. Results obtained by using steady
ethod are shown to agree well with the data obtained
icosecond measurements and time-dependent diff
inetics.
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Scheme 1.

2. Experimental

1N (Merck) was purified by vacuum sublimation. The syn-
thesis of 2O1N was described in the previous paper[24].
Sodium acetate was recrystallized from water and dried at
150◦C during two hours. HCl and NaOH were of analyt-
ical grade. Deionized water was used in all experiments.
Ethanol was freed of water and other impurities according
to the published procedure[31]. Acetonitrile (Merck) was
used as received. All experiments were performed at room
temperature (∼21–22◦C). pH values were measured with an
ionometer I-120 (Russia) equipped with a glass electrode cal-
ibrated with standard aqueous buffers. Concentrations of 1N
and 2O1N did not exceed 0.1 mM.

Absorption spectra were recorded with a Specord M-40
(Carl Zeiss Jena) or a Shimadzu UVPC-2101 spectropho-
tometer. Fluorescence spectra were measured with a Perkin-
Elmer LS-50 luminescent spectrometer. Fluorescence decay
curves were measured with time-correlated single-photon
counting technique. A home-made instrument with an air
flash lamp (FWHM∼ 1 ns) and ORTEC electronics was used.
The excitation wavelength of 313 nm was selected with an
interference filter. Decay curves were analyzed by using a
non-linear least-squares iterative deconvolution procedure.
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According toScheme 1, fluorescence decay curves for
*ArOH ( I) and *ArO− (I′) are described by two-exponential
functions:

I(t) = I0

[
exp

(−t

τ1

)
+ A exp

(−t

τ2

)]
(1)

I ′(t) = I ′
0

[
exp

(−t

τ2

)
− exp

(−t

τ1

)]
(2)

Decay times (τ1, τ2) and relative amplitude (A) can be
expressed in terms of the reaction rate constants as:

1

τ1,2
= µ + µ′

2
±

[
(µ − µ′)2

4
+ k1k−1[H3O+]

]1/2

, (3)

A = 1/τ1 − µ

µ − 1/τ2
, (4)

µ = 1

τ0
+ kd + k1 + kq[H3O+] = 1/τ1 + A/τ2

1 + A
(5)

µ′ = 1/τ′
0 + (k−1 + k′

q)[H3O+] = 1/τ1 + 1/τ2 − µ (6)

k1k−1[H3O+] = µµ′ − 1

(τ1τ2)
(7)

Thus, all the rate constants can be determined from the plots
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. Kinetic analysis

A simple kinetic scheme is often used to describe ov
inetics of proton transfer photoreactions of hydroxyarom
ompounds in homogeneous solutions[4]. For 1N and its
erivatives, this scheme has to be modified to include que

ng processes that are inherent in these compounds as
n Scheme 1; where k1 and k−1 are the rate constants
ArOH protolytic dissociation and *ArO− protonation;τ0
ndτ′

0 are the lifetimes of *ArOH and *ArO− in the absenc
f the protolytic reactions;kq andk′

q refer to the rate con
tants of *ArOH and *ArO− quenching by hydronium ion
d is the rate constant of radiationless deactivation com
ng with the adiabatic dissociation. Several mechanisms
athways exist for diabatic proton quenching, such as ind

nternal conversion directly to the ground state and dia
rotonation of carbon atom (see Section5 for more details)
ll the bimolecular rate constants (k−1, kq, andk′

q) would
ave apparent values including a mean activity coefficie
ydronium ions if uncorrected concentrations of a strong
dded would be used as [H3O+].
f µµ′ andµµ′ − 1/(τ1τ2) against [H3O+], provided thatτ0
ndτ′

0 are known.
At pH ∼ 5–8, all bimolecular processes involving hyd

ium ions are too slow to compete with any unimolec
rocess (k1, kd, 1/τ0, and 1/τ′

0) so that *ArOH fluorescenc
ecay becomes single exponential (A → 0) with a lifetime
N:

1

τ1
= 1

τN
= 1

τ0
+ kd + k1 = 1

τ
+ k1. (8)

here 1/τ = 1/τ0 + kd. The fluorescence kinetics of anio
pecies remains two-exponential with a rise time equal t
ecay time of *ArOH (τ1 = τN) and a decay time equal

he lifetime of the anion under direct excitation (τ2 = τ′
0),

f τ0 < τ′
0. No significant deviation from single- or tw

xponential fluorescence kinetics for *ArOH and *ArO−
as found in our studies using the single-photon co

ng technique with a nanosecond time resolution. Howe
on-exponential decay of *ArOH fluorescence has b
bserved for some strong photoacids both in aqueou
on-aqueous solutions[4j,32,33]. This behaviour was ratio
alized within the framework of diffusion-controlled kin

cs with a back-reaction boundary condition. A numer
olution of the Debye–Smoluchowski equation predicted
rOH at pH∼ 7 non-exponential fluorescence decay w
symptotic time dependence ast−3/2. However, deviation

rom the single-exponential decay are significant only
ery strong (−log(k1/k−1) = pK* < 0.5 in water) or multiply
harged photoacids. According toScheme 1, the fluorescenc
uantum yields of *ArOH (ϕ) and *ArO− (ϕ′) can be written
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as:

ϕ = ϕ0
τ

τ0

1 + (k−1 + k′
q)τ′

0[H3O+]

(1 + (k−1 + k′
q)τ′

0[H3O+])(1 + kqτ[H3O+])

+ k1τ(1 + k′
qτ

′
0[H3O+])

(9)

ϕ′ = ϕ′
0

k1τ

(1 + (k−1 + k′
q)τ′

0[H3O+])(1 + kqτ[H3O+])

+ k1τ(1 + k′
qτ

′
0[H3O+])

(10)

where 1/τ = 1/τ0 + kd, ϕ0 = kfτ0 and ϕ′
0 = k′

fτ
′
0 are fluores-

cence quantum yields of *ArOH and *ArO− in the absence
of the excited-state protolytic reactions,kf andk′

f are the radia-
tive rate constants for *ArOH and *ArO−. At pH∼ 5–8, the
bimolecular processes can be neglected and one has for the
fluorescence quantum yields:

ϕN = ϕ0
τ

τ0

1

1 + k1τ
= ϕ0

τN

τ0
(11)

ϕ′
N = ϕ′

0
k1τ

1 + k1τ
→ ϕ′

0k1τN
τ′

N

τ′
0

(12)

whereτ′
N is the decay time of *ArO− at pH∼ 7. The fluores-
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practically insensitive to the solvent than we can write:

k1 = (ϕ′
N/ϕN)

(ϕ′
0/ϕ0)s

(τ′
0/τ0)s
τ′

N
, (14)

where (τ′
0/τ0)s is the lifetime ratio in the selected solvent.

In Eq. (14), one can use relative fluorescence intensities
measured under conditions of identical excitation at the wave-
length corresponding to an isosbestic point for all three solu-
tions.

For molecules with relatively efficient proton-induced
quenching, fluorescence data can be used to quantify the rates
of elementary processes. Quantum efficiency of the adiabatic
protolytic dissociation of *ArOH (η) and adiabatic protona-
tion of *ArO− (η′) are defined as:

η = k1

k1 + kd
(15)

η′ = k−1

k−1 + k′
q

(16)

Combining Eqs.(8), (14) and (15)one can also write:

η = (ϕ′
N/ϕ′

0)(τ′
0/τ

′
N)

(1 − τN/τ0)
(17)

η = (ϕ′
N/ϕN)
′

(τ′
0/τ0)s

′ . (18)

T
t
d nce
q

E rate
d
k

O

T
a data
p

I -
b

ence decay time of 1N anion is known to be slightly sens
o solution pH[25,29]. This effect has been attributed to
resence of a small short-living component which res

rom geminate proton-induced fluorescence quenchin
H∼ 7 [25]. This component disappears at basic pH (d
xcitation of the anion). Although we could not detect
ignificant deviation of the anion fluorescence decay f
he single-exponential law, the *ArO− decay time at pH > 1
τ′

0) appeared to be slightly larger than that at pH∼ 7 (τ′
N).

herefore the fluorescence quantum yield was correcte
his difference asϕ′

0τ
′
N/τ′

0.
The *ArOH fluorescence quantum yield (ϕ0) and deca

ime (τ0) in the absence of the proton transfer are usu
aken to be equal to the measured values in a highly a
olution (pH < pKa*), where the excited-state protolytic eq
ibrium is shifted towards the neutral form. But it is practica
mpossible to measure these values for 1N derivatives in

solution because of highly efficient proton-induced fl
escence quenching. Nevertheless, the photodissociatio
onstantk1 can be estimated from the fluorescence quan
ields and lifetimes (se Eq.(12)):

1 = (ϕ′
N/ϕ′

0)(τ′
0/τ

′
N)

τN
(13)

he rate constantk1 can also be determined from the *ArO−-
o-*ArOH fluorescence quantum yield ratio in a given so
ion (ϕ′

N/ϕN) and in a solution where no photoprotoly
eaction occurs (ϕ′

0/ϕ0)s. The latter quantity is determin
nder conditions of direct excitation of ArO− and ArOH.

f we assume that the radiative rate constant ratio (kf/k′
f ) is
(ϕ0/ϕ0)s (1/τN − 1/τ0)τN

he sum of the apparent rate constants of the *ArO− pro-
onation and proton-induced quenching (k−1 + k′

q) can be
etermined directly from a slope of the plot of fluoresce
uantum yield ratio versus [H3O+]:

(ϕϕ′
N)

(ϕNϕ′)
= 1 + (k−1 + k′

q)τ′
N[H3O+] (19)

qs.(9)–(12)can be rewritten in a form that enables sepa
etermination ofk−1 and k′

q, if k1τN = (ϕ′
N/ϕ′

0)(τ′
0/τ

′
N) is

nown:

(ϕN/ϕ − 1)

[H3O+]
= kqτN − k1τNk−1τ

′
0(ϕNϕ′)

(ϕϕ′
N)

(20)

ne can obtaink1 andη′ from a plot ofϕ′/ϕ versusϕN/ϕ:

(ϕ′/ϕ)

(ϕ′
0/ϕ0)

(τ′
0/τ0)s = k1τ

′
N + ϕN/ϕ − 1

η′ (21)

hereafter,k−1 andk′
q can be determined. The values ofk′

q
ndkq/k1 can also be determined separately from the
lotted as:

(ϕ′
0/ϕ

′ − 1) − (ϕ′
N/ϕ′ − 1)(ϕϕ′

N)/(ϕ′ϕN)

[H3O+]
= k′

qτ
′
0 + kq

k1

ϕϕ′
N

ϕ′ϕN
(22)

f kq/k1 � k′
qτ

′
0, Eqs.(10), (12), (19) and (22)can be com

ined into

ϕ′
0

ϕ′ − 1= 1

k1τ
+ k′

qτ
′
0[H3O+] + (k−1 + k′

q)τ′
0[H3O+]

k1τ
(23)
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(ϕ′
0/ϕ

′ − 1) − (ϕ′
0/ϕ

′
N − 1)(ϕϕ′

N)

(ϕ′ϕN)
= k′

qτ
′
0[H3O+] (24)

In this work, relative fluorescence intensities were used
instead of quantum yields because no change in the spectral
shape was observed under all experimental conditions. The
ArO− fluorescence intensity corresponding toϕ′

0 (see below)
was measured at pH > 12. An isosbestic point with the longest
wavelength was selected for excitation (λex = 309 and 308 nm
for 1N and 2O1N, respectively, in an MeCN–H2O mixture,
2:1, v/v) in order to calculate the fluorescence quantum yield
ratio directly from the intensity ratio. The *ArO− fluores-
cence intensity (I′) was corrected for the overlap of *ArOH
and *ArO− fluorescence spectra:

I ′ = I ′
exp − Iexp

(
i′0
i0

)
, (25)

whereI ′
expandIexpare the experimental values of the fluores-

cence intensities at the *ArO− and *ArOH emission maxima,
i′0 andi0 are the *ArOH fluorescence intensities measured at
the same wavelengths asI ′

expandIexp, respectively. The corre-
sponding intensities in the emission spectra of the protonated
form of 1N and 2O1N in hexanol or ethanol (no excited-state
protolytic dissociation occurred in these solvents) were used
to correct the anion spectra according to Eq.(25).

4. Results

4.1. Ground state pK

The ground-state acidity constants of 1N and its deriva-
tive were determined in a MeCN-EkO mixture (2:1, v/v) by
using fluorescence and absorption titration. The pK values

Table 1
Kinetic parameters of the protolytic photoreactions of 1N and 2O1N

Compound 1N 1N 2O1N
Solvent H2Oa MeCN–H2O (2:l) MeCN–H2O (2:l)

I ′
N/IN >50 1.78 0.91

ϕ′
N/ϕ′

0 0.76 0.39 0.33
τN (ns) 0.033 0.80 0.53
τ′
τ

p

k
η

k

k
k

η

p
k
k
k
k
k
k

k
k
k

k

1

w
H

N (ns) 7.6
′
0 (ns) 8.0
K 9.2

1 (ns−1) 25b, >20c

0.81b, >0.66c

−1 + k′
q (M−1 ns−1) 101

−1 (M−1 ns−1) 68
′
q (M−1 ns−1) 33
′ 0.67
K* 0.4

q (M−1 ns−1) 6

NR/kSEP 0.2–0.5

NR/k−R 0.5

−R/kNR 0.5–1.0

R (ns−1) 42–62

REC (M−1 ns−1) 170–240
(74–85)h

−R (ns−1)i 55

NR (ns−1) 27

SEP(ns−1) 50–110

(35–48)h

REC/kSEP(M−1) 1.3–5.2
(1.5–2.4)h

a From Refs.[29a,b].
b k1 = (I ′

N/I ′
0)(τ′

0/τ
′
N)/τN see Eq.(14).

c k1 = {(I ′
N/IN)/(I ′

0/I0)s}(τ′
0/τ0)s/τ

′
N, see Eq.(15); (I ′

0/I0)s = 0.64 and 0.54 fo
N and 2O1N, respectively, in absolute ethanol.
d From the data plotted according to Eq.(20).
e k−1 andkq from the data plotted according to Eq.(21), k′

q from the difference
f k−1 from slopes of the plots in the coordinates corresponding to Eqs.(20) and
g k′

q from the slopes of the plots in the coordinates corresponding to Eq.(25), k−1
h Calculated by using the standard expressions for the diffusion-controlled
hereδ =−e2/(4πε0εaRT), D = 1.0× 10−4 and 4.2× 10−5 cm2/s for H2O and M

2O and MeCN–H2O [39], respectively.
i k−R =Ω/τD, Ω = 0.49,τD = 8.8 ps and 6.4 ps for H2O and MeCN–H2O, respec
12.4 10.1
13.8 10.8
11.9 12.5

0.49b, 0.44c 0.65b, 0.28c

0.46b, 0.41c 0.38b, 0.16c

37d 30d

12e, 9f , 9g 7e, 5f , 6g

25e, 28f , 28g 23e, 25f , 24g

0.33e, 0.25f 0.25g 0.23e, 0.17f , 0.20g

1.3–1.4 1.0–1.3
3e 2e

1.2–1.4 1.6–5.1
2.1–3.1 3.3–5.0
0.4–0.7 0.3–1.6
1.1–1.5 0.8–5.0
35–58 34–44

(40–44)h (40–44)h

75 75
150–230 250–380
110–200 50–230
(11–13)h (11–13)h

0.2–0.5 0.2–0.9
(3.1–4.1)h (3.1–4.1)h

r 1N and 2O1N, respectively, in absolute ethanol; (τ′
0/τ0)s = 1.9 and 1.6 for

between (k−1 + k′
q) andk−1.

(24).
from the difference between (k−1 + k′

q) andk′
q.

rate constants:kREC= [4πNAAd/1000][δ/(eδ−1)] andkSEP= [3D/a2][δ/(1−e−δ)],
eCN–H2O [41], respectively,a = 5.5–7Å, T = 295 K, ε = 78.4 and 51.4 for

tively[40,66].
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were calculated as mean values from three linear plots of
log(α/(l−α)) versus pH. The degree of ArOH dissociation,
α = [ArO−]/([ArO−] + [ArOH]), was determined from ArO−
absorption, ArOH and ArO− fluorescence intensities (data
not shown). To compare pK values in bulk water and in aque-
ous acetonitrile, the measured pH values were corrected to
the hydrogen ion activity referred to the standard state in the
mixed solvent[34]:

paH = pH − (Ej − logγH) (26)

where Ej is the liquid junction potential and logγH is
the transfer activity coefficient of the proton (the medium
effect on hydrogen ions). For the MeCN–H2O mixture, a
(Ej − logγH) value of−0.53 was obtained by interpolating
data from Ref.[34a]. The pK values are presented inTable 1.

4.2. Excited-state protolytic reactions in aqueous
acetonitrile

The rate constants for the alkyl derivative cannot be mea-
sured in bulk water because of extremely low solubility of
this compound. We chose an MeCN–H2O mixture with a
volume ratio of 2 because pronounced protolytic photodisso-
ciation both of 1N and 2O1N was observed in this mixture,
fluorescence decay times could be reliably measured with
o ture
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Fig. 1. Fluorescence spectra of 1N (a) and 2O1N (b) in the MeCN–H2O
mixture (2:1, v/v) in the presence of NaOH (∼0.01 M, dashed lines) or HCl
(solid lines). Arrows with numbers refer to ArO− fluorescence and represent
an increase in HCl concentration, which was 0 (1), 0.0016 (2), 0.0032 (3),
0.0063 (4), 0.0125 (5), 0.025 (6), 0.05 (7), 0.1 (8) and 0.25 M (9) for both
compounds. The spectra in basic solutions were multiplied by a factor of
0.4. The dashed-dotted line corresponds to 1N fluorescence spectrum in
bulk water at neutral pH.

sonably good agreement (Table 1). The bimolecular rate
constantsk−1, k′

q, kq and the quantum efficiencyη′ were
determined from the relative fluorescence intensities plotted
according to Eqs.(20)–(25). The measured quantities were
corrected for a kinetic activity coefficient,F = (f±)2, in order
to obtain the values independent of experimental conditions
and to make possible their comparison with data in bulk water
[4a,37]. The mean activity coefficient,f±, for 1,1-electrolyte
was calculated according to the Debye–Hückel equation and
was adjusted to the molar scale for the sake of generality
[38]:

−logf± = 1.82× 106(εT )−3/2
√

C

1 + 50.3(εT )−1/2l
√

C

+ log

[
1 + C

2M1 − M2

1000d0

]
(27)

where C is the molar concentration of hydrochloric acid,
T = 294 K the absolute temperature,ε is the dielectric
constant, which was estimated to be equal to 51.4 for
66.7% aqueous acetonitrile[39,40], l representing the
“ion-size” parameter is taken to be 0.5 nm[38], M1 =
(wH2O/MH2O + (1 − wH2O)/MMeCN)−1 andM2 = MHCl are
the solvent and solute molecular weights,wH2O is the water
weight fraction in the mixture,d0 is the solvent density
t 3

F m
y
t

ur single-photon counting instrument, and such a mix
ith an aprotic solvent appeared to be a better model fo
icellar interior[24].
Fluorescence spectra of 1N and 2O1N in aqueous ace

rile at various HCl concentrations are presented inFig. 1. In
ontrast to bulk water, strong fluorescence of neutral sp
λfl = 364 and 365 nm for 1N and 2O1N) was observe
queous MeCN at neutral pH. The emission maximum o
N anion (λfl = 465) showed a blue shift relative to that in b
ater (λfl = =490 nm). Similar observation of 2O1N ani
mission’ solvatochromism was impossible because o
olubility of 2O1N in water. Adding HCl to naphthol so
ions caused the *ArO− fluorescence to be strongly quench
ut the *ArOH emission to be only slightly increased. T
as attributed to efficient quenching of *ArO− (and *ArOH)
y hydronium ions (seeScheme 1).

Fluorescence decay curves of 1N and 2O1N at ne
H were practically single exponential (more than 97%

he decay) with lifetimes (τN) of 0.80 and 0.53 ns, respe
ively. The fluorescence kinetics of anionic species was
escribed by a two-exponential function (Eq.(3)), the rise

ime was close to the *ArOH decay time. These results
rmed the validity ofScheme 1for the protolytic dissociatio
n these solutions. TheτN value for 1N compares well wit
hat reported for mixed solutions with an organic solvent c
entration of 66.67% v.: 0.8–0.9 ns for MeCN and EtO
.51 ns for MeOH (obtained by interpolating experime
ata from Refs.[29,35,36]).

Values ofk1 andη calculated from stationary and tim
esolved fluorescence data (see Eqs.(13)–(18)) are in rea
aken to be equal to the solution density (0.87 g/cm) [41].
ig. 2a shows the *ArOH-to-*ArO− fluorescence quantu
ield ratio plotted againstF[H3O+], where [H3O+] is taken
o be equal to the HCl concentration.
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Fig. 2. Plots of (ϕϕ′
N)/(ϕNϕ′) − 1 vs.F[H3O+] (a) an (ϕN/ϕ − 1)/F [H3O+]

vs. (ϕNϕ′)/(ϕϕ′
N) (b) for 1N (solid symbols) and 2O1N (open symbols) in

the MeCN–H2O mixture (2:1, v/v).

For 1N and 2O1N, we obtained (k−1 + k′
q)τ′

0 values of 455

and 304 M−1, respectively. To separate the rate constantsk−1
andk′

q the fluorescence quantum yields were plotted accord-
ing to Eq.(20) (Fig. 2b) and Eq.(21) (data not shown). The
data indicated that the inequalitykq/k1 � k′

qτ
′
0 was valid

for these systems. Therefore, relative fluorescence quantum
yieldsϕN/ϕ andϕ′

N/ϕ′ can be plotted also in the co-ordinates
corresponding to Eqs.(23) and (24). Good linear fits in such
co-ordinates (not shown) and the similar values of the rate
constants calculated in different ways confirmed the validity
of our approach. The data obtained are collected inTable 1.

4.3. Excited-state protolytic reactions in absolute
ethanol

Fluorescence spectra of 1N and 2O1N in absolute EtOH at
various concentrations of MeCOONa are depicted inFig. 3.
Only UV-emission of the protonated form (λfl = 360 and
365 nm for 1N and 2O1N, respectively) was observed in
the absence of proton acceptor. Increasing the acetate con-
centration resulted in a decrease of the *ArOH fluorescence
intensity and an increase in the intensity of the blue emis-
sion corresponding to *ArO− (λfl = 466 and 488 nm for 1N
and 2O1N, respectively). The *ArOH fluorescence decay
curves remained single exponential in the presence of sodium
a entra-
t ected
i ntra-
t d by
S ate
c by
M H

Fig. 3. Fluorescence spectra of 1N (a) and 2O1N (b) in EtOH in the presence
of 0.01 M NaOH (dashed lines) or MeCOONa (solid lines). Arrows with
numbers refer to ArOH fluorescence and represent an increase in MeCOONa
concentration, which was 0 (1), 0.0075 (2), 0.015 (3), 0.03 (4), 0.045 (5),
0.06 (6), 0.09 (7), 0.12 (8) and 0.15 M (9) for both naphthols.

solution of sodium acetate appears to be very low and no
backward reaction in the excited-state is observed.

According toScheme 2, the apparent rate constants can be
determined from the *ArOH (ϕ) and *ArO− (ϕ′) fluorescence
quantum yields or from the *ArOH fluorescence decay time
(τ):

(ϕ′ϕ0)

(ϕ′
0ϕ)

= k2τ0

(
τ′

τ′
0

)
[MeCOO−] (28)

ϕ0

ϕ
= τ0

τ
= 1 + (k2 + kq)τ0[MeCOO−] (29)

where τ′/τ′
0 is introduced to correct for the difference in

*ArO− lifetimes under conditions of the excited-state reac-
tion and of direct excitation. Plots in the coordinates corre-
sponding to Eqs.(28) and (29)are shown inFig. 4. Sodium
acetate in EtOH was assumed to be completely dissoci-
ated. No correction to a non-unity activity coefficient of
the acetate ion was done. Practically the same slope for the
plots of the relative fluorescence quantum yield and decay
time (not shown) provided evidence for the absence of static
quenching in this system. Fluorescence decay times and
rate constants for 1N and 2O1N in EtOH are collected in
Table 2. A rather small difference in the slopes obtained
cetate, the decay time decreased with MeCOONa conc
ion. No change in naphthol absorption spectra was det
n the presence of MeCOONa up to the highest conce
ion used (0.15 M). The effects observed were describe
cheme 2, wherek2 is the excited-state proton-transfer r
onstant, andkq is the rate constant of *ArOH quenching
eCOO−. The overall concentration of acetic acid in EtO
 Scheme 2.
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Fig. 4. Plots ofϕ0/ϕ (circles) and (ϕ0ϕ
′)/(ϕϕ′

0) + 1 (squares) vs. MeCOONa
concentration in ethanol solution of 1N (solid symbols) and 2O1N (open
symbols).

Table 2
Kinetic parameters of excited-state proton transfer from naphthols to acetate
anion in absolute ethanola

Compound 1N 2O1N 2Nb 1O2Nb

τ0 (ns) 5.0 3.3 6.5 8.4
τ′

0 (ns) 9.5 5.3 8.4 11.2
k2 (M−1 ns−1) 1.1 0.7 0.5 0.4
kq (M−1 ns−1) 0.3 0.2 0.2 0.1
η 0.8 0.8 0.7 0.8

a Uncertainties in the rate constants are∼10%.
b From Ref.[10b].

from ϕ0/ϕ and ((ϕ′/ϕ0)/ϕ′
0ϕ) plots pointed out to relatively

low efficiency of the acetate-induced quenching (kq < k2). In
other words, the quantum efficiency of the proton transfer
between excited naphthols and acetate-ion was rather high
(η = k2/(k2 + kq) = 0.7–0.8).

5. Discussion

5.1. Ground-state acidity constants

In the ground state, 2O1N was found to be a weaker
acid (�pK = 0.6) than the parent compound. An effect of
the octadecyl substituent was even larger for 2-naphthol.
Apparent pK values of 13.0 and 11.9 were obtained for 1-
octadecyl-2-naphthol (1O2N) and 2-naphthol (2N) in the
MeCN–H2O mixture (2:1, v/v)[42]. Previously we have
reported pK values of 9.9 and 9.1 for these compounds in
CTAB micelles[10b]. It is well known that alkyl substituents
slightly decrease the acidity of hydroxyaromatics. Ground-
state pK values of 9.45, 9.70 and 9.64 were determined for
2-naphthol, 6-methyl-2-naphthol and 7-methyl-2-naphthol,
respectively, in water[43a]. pK values of 14.36, 14.90,
14.48 and 14.54 for phenol, 2-methylphenol, 3-methylphenol
and 4-t-butylphenol in MeOH[44] provide another exam-
ple of the alkyl group effect. A decrease in the naphthol
a ared

to be slightly larger than that caused by smaller alkyl
substituents.

According to Semi-empirical MO calculations[45] and
ab initio calculations[46] (HF/3–21G level) relatively high
�-electron density exists in position 2 of 1N and position 1
of 2N in the ground state. Semi-empirical calculations[47]
gave formal charges of−0.0470 and−0.0467 at the carbon
atoms in these positions in 1- and 2-methoxynaphthalenes.
Some suppression of the protolytic dissociation is therefore
expected when an electron-donating group is bounded to the
carbon atom in such a position.

An increase of pK for 1- and 2-naphthols in the aqueous
MeCN solution relative to neat water appeared to be similar
to that observed for other hydroxyaromatics and carboxylic
acids (�pK = 2.5–2.7). The pK shift was larger in MeCN solu-
tions in comparison to alcohol solutions of the same dielectric
constant (�pK = 1.2–1.4)[44,48–52]. Higher pK’s were also
found for phenols and carboxylic acids in neat MeCN[50,51]
as compared to MeOH[44,48], although both solvents have
similar dielectric constants. A difference between the acidity
constant of an acid AH in a mixed or non-aqueous solution
(pKs) and that in neat water (pKw) can be expressed in terms
of Gibbs free energies (∆s

wG) of proton and anion transfer
from water (w) to a particular solvent(s)[38,53]:

2.3RT (pK − pK )

w ee
e the
a olar-
i tion
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p ture
i tion)
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[
M CN
c
w s in
a pro-
t to
1 ter
cidity constant caused by the octadecyl group appe
s w

= �s
wG(H+) + �s

wG(A−) − �s
wG(AH)

≈ �s
wG(H+) + �s

wGes(A
−), (30)

here �s
wGes(A−), is an electrostatic term of the fr

nergy of A− transfer. The electrostatic component of
nion free energy of transfer as a function of solvent p

ty appeared to be well described by the Born equa
35b,38,44,53a]with a similar value of the anion radi
or different compounds and solvents. This term is th
ore independent of the organic solvent nature. Howe
n extremely small value of the anion radius must be t

o obtain quantitative agreement with experimental dat
arge organic acids[35b,53a]. This results in a very stron
ecrease of the dissociation constant with the organic
ent concentration in binary mixtures. The Gibbs energ
roton transfer into a pure organic solvent or binary mix

s completely non-classical (does not obey Born equa
53,54]. For aqueous MeOH it changes only by 1 kJ mo−1

pon increasing the alcohol concentration up to 80%w.,
hereas for EtOH mixtures it reaches a minimum va
f ca. −5 kJ mol−1 at an alcohol concentration of∼65%
. and than goes up to 11 kJ/mol in the absolute alc

54]. According to Groves and Wells[53b], �s
wG(H+) in

eCN–H2O mixtures decreases monotonously with Me
oncentration and reaches a minimum (−7 kJ mol−1) at 35%
. A further increase in the MeCN concentration result
strong increase of the Gibbs energy of transfer for

on. Therefore, a pK difference of∼2.5 (corresponds
5 kJ mol−1) between 66.7% v. acetonitrile and bulk wa
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Scheme 3.

may be attributed to positive free energies of transfer both
for proton and naphtholate anion.

5.2. Some features of protolytic photodissociation
mechanism for 1-naphthol derivatives

The results obtained in this study for 2O1N together
with the data for 1N are discussed in terms of formal
kinetic parameters and medium effects on the rate con-
stants. According to a general scheme of acid-base reac-
tions [55], excited-state protolytic dissociation of aromatic
hydroxycompounds can be described byScheme 3: here,
kR andk−R are the rate constants of the forward and back-
ward proton transfer along a hydrogen bond. The rate con-
stantskSEP andkREC refer to the separation and formation
of a reactive hydrogen-bonded ion-pair, which is usually
assumed to consist of a base molecule and a protonated
water molecule separated by 2–3 hydrogen-bonded water
molecules. The latter two rate constants are estimated by
using the steady-state approximation for diffusion-controlled
reactions. Decay of all three species should be taken into
account in kinetic analysis of excited-state reactions. The rate
constantkNR corresponds to radiationless decay of the reac-
tive ion-pair. Typically, emission from the ion pair can be
neglected.
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expressed as

η = k1

k1 + kd
= kSEP

kSEP+ kNR
(31)

Contrary, quantum efficiency of the adiabatic protonation of
*ArO− by hydronium ions (η′) is determined fromϕ andϕ′
at high concentration of hydronium ions:

η′ = k−1

k−1 + k′
q

= k−R

k−R + kNR
, (32)

Eqs.(31) and (32)can be used to evaluate some rate constants
introduced inScheme 3.

Apparent rate constants used inScheme 1and Eqs.
(3)–(24)can be expressed through rate constants of elemen-
tary reactions presented inScheme 3as

k1 = kRkSEP

k−R + kNR + kSEP
= kR

(1/η + k−R/kSEP)
(33)

k−1 = k−RkREC

k−R + kNR + kSEP
= kREC

[1 + (kSEP/k−R)/η]
(34)

using common steady-state approximation (d[*ArO−·
H3O+]/dt ≈ 0), Eqs.(31)–(32), and definitions ofk1, k−1 kq,
a n
t ratio
o te
a
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Scheme 3takes into account the radiationless deac
ion observed for 1N and its derivatives[4c,25,29]. Reac
ion kinetics is independent of actual mechanism(s) o
eactivation.Scheme 3predicts multi-exponential decay
ArOH and *ArO− fluorescence even at neutral pH. Ho
ver, single-exponential decay should be observed fo
eutral form of very weak (kR/k−R � 1) and very stron
hotoacids (kR/k−R � 1) at pH∼ 5–8. WhenkR/k−R ≈ 1, sin-
le exponential decay of the ArOH fluorescence should
e observed provided thatkSEP/k−R � 1. Thus,Scheme 1
hould give a good description of the overall disso
ion kinetics for many photoacids provided that diffus
teps can be approximated by conventional kinetics
ime-independent rate constants. Deviations from the si
xponential rate law as predicted byScheme 3should be
istinguished from intrinsically non-exponential kinetics p
icted by Debye–Smoluchowski equation with the revers
eaction boundary condition[32]. However, the latter type o
inetics could be observed only for a few strong photoa

Quantum efficiency of the adiabatic protolytic disso
tion, η, which is determined from the fluorescence qu

um yields at low concentration of hydronium ions, can
ndk′
q according toScheme 1. It is important to note that, i

he presence of efficient deactivation in the ion pair, the
f the rate constants,k1/k−1, is still equal to the excited-sta
cidity constantK*:

k1

k−1
=

(
kR

k−R

) (
kSEP

kREC

)
= K∗. (35)

he *ArOH decay time,τN, depends on the radiationle
ecay rate and may be substantially shorter than 1/k1:

1

τN
= 1

τ0
+ k1

η
= 1

τ0
+ kR(kSEP+ kNR)

k−R + kNR + kSEP
. (36)

he ratioskNR/kSEP and kNR/k−R can be quantified usin
xperimental data (see Eqs.(15), (16), (31) and (32)):

kNR

kSEP
= 1

η
− 1 = kd

k1
(37)

kNR

k−R
= 1

η′ − 1 = k′
q

k−1
(38)

hereafter,k−R/kSEPcan be evaluated and used to calcu
he rate constants,kR andkREC, according to Eqs.(33) and
34). The results obtained for 2O1N and 1N are present
able 1. Similar two-step kinetic scheme was used in R
56] to analyze protolytic photodissociation of 4-methy
ydroxyflavylium in micelles. Recently it was suggeste

nclude a “loose” hydrogen-bonded complex intoScheme 3,
herefore making ESPT a three-step process[57].
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5.3. Excited-state protolytic dissociation in aqueous
acetonitrile

The dissociation rate of hydroxyarenes in mixed solu-
tions was shown to depend very nonlinearly on the water
concentration[35,36,58–60]. This was initially attributed
to water structure breaking, which results in a dilution of
large water clusters acting as a proton acceptor. However,
recent time-resolved studies[23,59,61,62]demonstrated an
important role of single water molecules and water dimers
in the photodissociation of ArOH and ArNH3+ in various
aqueous mixtures.

The excited-state protolytic dissociation of 1N derivatives
in aqueous MeCN has some specific features (Table 1). The
acidity constant of 2O1N in the singlet excited state is slightly
larger than that for 1N. In contrast, 2O1N in the ground state
is weaker acid than the parent compound. The rate constant of
the protolytic photodissociation of 2O1N is close to that for
1N. Quantum efficiencies of the adiabatic excited-state disso-
ciation of *ArOH and protonation of *ArO− in the mixed sol-
vent were found to be rather low (0.2–0.5). A decrease of the
acidity constant of excited 1N in aqueous acetonitrile com-
pared to neat water (�pK ≈ 1.0) was much smaller than that in
the ground state (�pK = 2.7). This suggested a much smaller
free energy of transfer for the excited naphtholate anion,
�s G(∗A−) (see Eq.(30)). The difference can be attributed
t atic
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mated from mean values of the fluorescence and absorption
maxima without correction to an energy loss due to solvent
and solute relaxation upon excitation. The relaxation term
was expected to have similar values for the alkyl naphthols
and the parent compound.

The overall rate constant (k−1 + k′
q) for the interaction

of *ArO− with hydronium ions in aqueous MeCN appeared
to be only slightly smaller thankREC calculated from steady-
state diffusion kinetics (seeTable 1). In contrast, the diffusion
rate constant in water was significantly smaller than the sum
(k−1 + k′

q) reported for 1N. It is worth mentioning that there
exist significant discrepancies in the published data for the
reaction of 1N anion with protons. InTable 1we presented
the data of Webb et al.[29] that are generally in good agree-
ment with the results of other groups. However, their value
of (k−1 + k′

q) is likely to be overestimated because they used
proton concentrations that were overcorrected: for a kinetic
activity coefficient,F = (f±)2, and for a thermodynamic coef-
ficient,∼f±. Harris and Selinger[43c] reported ak′

q value of

28 M−1 s−1, which was practically the same as that shown in
Table 1, but their value ofk−1 (14 M−1 ns−1) was surprisingly
small.

Good linear correlations between logk1 and pK* were
observed for different photoacids in aqueous solution
[4c,e,f,g,l]. The existence of such correlations is evident from
E
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o greater delocalization of the charge over the arom
ystem in the excited anion as compared the ground
pecies.

Enhancement of 2O1N acidity relative to 1N in the s
let excited state as compared to the ground one is pro
aused by essentially different electronic structures of t
wo states. Semi-empirical calculations[47] gave a forma
harge close to zero for a carbon atom in position 2 o
ethoxynaphthalene in the singlet excited state (1La). As
entioned above, in the ground state it was a positio
igh electron density. Such a decrease in the electron de
hould result in a much smaller effect of an electron-dona
roup in position 2 on the acidity constant in the exc
tate relative to the ground state. For 2-methoxynaphtha
change in the formal charge at position 1 was much sm
pon excitation to1Lb state[47]. A similar action of an
lkyl group on the ground and excited state may there
e expected. The fast that the electron density in the
xcited singlet state is not localized in the same pos
s in the ground state causes difference in acidity bet
ubstituted phenols[63] and naphthols[64] in the ground
ersus excited states. The difference in pK* between 2O1N
nd 1N was also consistent with a difference in the fluo
ence spectra of these compounds and their anions. Em
axima of 2O1N and its anion in aqueous MeCN were sh
y 10 and 30 nm relative to those for 1N. According to
örster cycle[4a,65], �pK = pK–pK* should be larger by∼1
nit (∼6 kJ mol−1) for 2O1N than for 1N. This differenc
ore than compensated the larger ground-state pK of 2O1N.
ero–zero transition energies for ArOH and ArO− were esti
qs.(33) and (35), which can be written as

ogk1 = logkREC − pK∗ − log

[
1 + kSEP+ kNR

k−R

]
(39)

or 2-naphthol derivatives and many other hydroxyarom
ompounds,kNR � ksepand the last term in Eq.(39)is rather
mall so that logk1 plotted against pK* gives a straight line
ith the slope of−1 and log(kREC/M−1s−1) ≈ 10.8 (see Re

24]). The rate constantkREC obtained from kinetic data wa
lose to the theoretical value in aqueous MeCN and exce
hat in H2O by a factor of 2–3. This discrepancy in wate
ikely due to inaccurate values of the rate constants (k−1 + k′

q)
n water.

For the compounds studied, pK* > 0 and the protona
ion of *ArO− was therefore exergonic. In such syste
−R should be close to the reciprocal Debye relaxation
f the solvent (τD = 8–9 ps in water, 6 ps in MeCN–H2O
:1, v/v) [36,41,66]. The value ofkR for 1N in water was
ery close to 1/τD of the solvent scaled with a steric fac
= 0.49[36] (seeTable 1). In contrast,kR in MeCN–H2O

as much smaller thanΩ/τD. This indicates an endergon
eaction of proton transfer in the mixed solvent (kR/k−R < 1).

remarkable decrease ofkR observed for 1N in aque
us MeCN in comparison to H2O corresponds to a chan

n the Gibbs free energy of proton transfer reaction
6–9 kJ mol−1.
It is possible to estimate rate constants of induced ra

ionless decay in the reactive hydrogen-bonded ion pair (kNR)
nd ion-pair separation (kSEP) from the values ofkNR/kSEP
nd kNR/kSEP if one assumes thatk−R =Ω/τD. The result
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collected inTable 1showed that strong retardation of the pro-
tolytic dissociation in aqueous MeCN relative to bulk water
was mainly caused by an approximately 40-fold decrease of
kR. A decrease ofkSEP by a factor of 2–4 also contributed
to a smaller value ofk1 in mixed solution. The rate con-
stantkNR was significantly larger in aqueous MeCN than in
H2O. A substantial difference in (kNR/k−R) for the mixed
solvent and bulk water suggested that mechanisms of the
radiationless decay in the reactive complex are not directly
related to a proton-transfer reaction. No significant differ-
ence inkNR was found for 1N and 2O1N. Very high val-
ues of kNR andkSEP indicated the absence of a substantial
activation energy both for radiationless decay and diffusion
separation.

Our data demonstrate that the long-chain alkyl group in
2O1N has no specific effect both on thermodynamics and
kinetics of proton transfer reactions and no peculiarortho-
effect [67] could be observed. Same effect was observed in
micellar solutions[24]. The alkyl substituent seems not to
disrupt the structures of (H2O)n and (H2O)nH+ that act as
proton acceptor and donor, respectively.

It is of interest to compare our analysis of proton trans-
fer kinetics for 1N derivatives with that based on numer-
ical solution of the Debye–Smoluchowski equation with
a back-reaction boundary condition. The values ofkSEP
(50–110 ns−1) andk (27 ns−1) obtained in this study from
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expected for reactions with highly negative free energies.
The free energy of−11 kJ mol−1 could be estimated for this
reaction in water from a difference in pK of acetic acid (4.8)
and excited 2N (2.8). A good linear correlation between the
rate constant and reaction free energy was observed only
for strongly endergonic reactions. The reaction of acetate
anion with excited naphthols (pK* = 0–3 in water) provides
therefore little information on relative excited-state acidities
in water.

Equilibrium constants for the protolytic dissociation of
carboxylic acid and phenols are known to decrease substan-
tially in alcohols[44,48,49,52]. For acetic acid in EtOH a
pK value of 10.3 was reported[48]. A ground-state pK of
13.9 was determined for 1N in MeOH[48b]. A similar shift
by ∼3–4 units was reported for ground- and excited-state
pK of 5-cyano-2-naphthol in MeOH and EtOH[70]. These
data suggest that the free energy of the reaction between
excited naphthols and acetate anion may be more negative
in EtOH. However, some authors asserted that the pK differ-
ence between phenol and acetic acid (hence the reaction free
energy) remained practically the same in water, methanol,
acetonitrile, dimethylformamide and increased in dimethyl-
sulfoxide[44,48,52]. We found that the proton-transfer rate
constant for the reaction of 1N and 2N with acetate anion in
absolute EtOH differed only by a factor of 2.2, whereas pK*
likely varied by more than 2 units. This suggests that kinet-
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he data of Webb et al. for 1N in water are in very good ag
ent with the analogous rate constants (48, 26 ns−1) reported
y Pines et al.[25] from picosecond decay kinetics and fl
rescence quantum yields. However, our estimates o
ate constants for the proton transfer steps (kR = 42–62 ns−1,
−R = 55 ns−1) were by a factor of∼2 larger than thos
btained by Pines et al. Additional work is needed to c

fy the origin of these discrepancies. The fact that the
onstant for the backward proton-transfer reaction estim
y using time-dependent diffusion kinetics was substan
maller than that predicted from the dielectric relaxation
s of particular concern.

.4. Excited-state proton transfer in absolute ethanol

For 1N and many other aromatic hydroxycompou
pK* > 0 in water), the excited-state protolytic dissociat
n bulk organic solvents is too slow to compete w
xcited-state deactivation. A stronger proton acceptor sh
e added to observe excited-state proton transfer in
olvents.

In our previous paper[10b] we have reported th
ate constants for the excited-state proton-transfer reac
etween 2N derivatives and acetate anion in absolute eth
hese data together with our results for 1N derivatives
resented inTable 2. We found that all these rate consta
ary in a rather narrow range (0.4–1.1 M−1 ns−1). The sam
eaction of 2N in water-alcohol mixtures was extensiv
tudied[4a,37,68,69]. The reported values ofk2 in water
2.0–2.9 M−1 ns−1) approach a diffusion-controlled lim
cs of this reaction falls within a region that is intermed
etween diffusion control and thermodynamic control.

The efficiency of the adiabatic proton transfer fr
ArOH to acetate anion,η, was found to be high. Th
howed a significant decrease of the deactivation ra
ArO−·HOOCMe in EtOH as compared to *ArO−·H3O+

n water and aqueous MeCN.

. Conclusions

2O1N was found to be a promising fluorescent pr
hat can be used to explore proton transfer processe
ide variety of reaction media including mixed solutions
olecular organized systems.
Most important feature of 1-naphthol derivatives i

ompetition of adiabatic excited-state proton transfer
eactivation of the excited state which decreases a qua
ield of adiabatic proton-transfer reaction. This deactiva
omplicates kinetic analysis, yet provided a deeper in
nto mechanisms of the excited-state proton-transfer
ions. Protolytic photodissociation of 1-naphthol derivat
as analyzed within the framework of a kinetic model

ncluded fast deactivation of excited naphtholate anion in
eminate ion pair which can be attributed to promoted in
al conversion and/or protonation of the excited arom
ucleus. The rate constants of the protolytic photodis
tion (k1) for 1N and 2O1N in aqueous MeCN were clo

o each other. A decrease ofk1 in the mixed solvent rela
ive to that in neat water was caused by strong reductio
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the rate constant of proton transfer in a hydrogen-bonded
complex (kR), and by an increase in the efficiency of the
proton-induced deactivation (larger ratiokNR/kSEP). Proton-
induced quenching in the reactive ion pair (kNR) decreased
the quantum efficiency of the adiabatic reaction of 1N deriva-
tives. Our data also showed that the deactivation rate constant,
kNR, increased significantly in less polar environment of the
MeCN–H2O mixture.

Practically no deactivation was observed when excited-
state proton transfer between 1-naphthols was studied in
ethanol using acetate ion as a proton acceptor. This suggested
the nature of a proton acceptor is an important factor in the
deactivation mechanism. The rate constants for proton trans-
fer from excited 1- and 2-naphthols and their alkyl derivatives
to acetate anion were found to have similar values. These
indicated that these reactions are in a kinetic regime, which
is intermediate between the diffusion and thermodynamic
control. Therefore, this reaction is not suitable for a com-
parison of the reactivity of these naphthols in non-aqueous
media.

A decrease in the ground- and excited-state acidity con-
stants of 1N in aqueous MeCN as compared to H2O was
consistent with available estimates of the Gibbs free energies
of transfer for proton and naphtholate anion from water to a
particular solvent. A considerably smaller increase of pK in
the excited state (�pK* ≈ 1.0) relative to that in the ground
s sfer
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