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The protonated cation of 2-(2′-hydroxyphenyl)benzimidazole becomes a very strong acid in its first excited
singlet state (C*). We studied the proton-transfer process fromC* to the bases water, methylurea (MU), and
dimethyl sulfoxide (DMSO) in acetonitrile solution by means of fluorescence and UV-vis absorption
spectroscopy. We found that the process occurs via a 1:1 hydrogen-bonded adduct between the photoacidC*
and the base. We determined the photophysical properties of the adducts with the three bases and the equilibrium
constants of formation of various adducts in the ground and excited states. The proton transfer takes place by
dissociation of the adduct, in a unimolecular or bimolecular process involving a second molecule of the base.
The unimolecular dissociation takes place for the adducts formed with DMSO and MU, but not for the adduct
formed with water. The bimolecular dissociation occurs for the adducts formed with water and MU. In this
process, the entity that finally accepts the proton is a cluster of two molecules of the base. We conclude that
only one molecule of water is not able to accept the proton donated by the photoacid, a cluster of two molecules
of water being required. This cluster is formed in two consecutive steps. First the adduct between the photoacid
and one molecule of water is formed, subsequently followed by the reaction of the adduct with a second
molecule of water.

Introduction

Proton-transfer processes are elementary reactions of funda-
mental importance in chemistry and biology.1-4 Although a lot
of experimental and theoretical research work has been done
on this subject, still there is no complete understanding of the
molecular mechanisms of these reactions.5-10 One important
area of the current research on the dynamics of proton-transfer
processes in solution is concerned with the study of the
dissociation of photon-initiated acids (photoacids).11-17

It is a well-known fact that the properties of the molecules
experience a change in the excited electronic states with respect
to the ground state due to the changes in charge density
distribution after excitation. When a molecule undergoes an
enhancement of acidity in the excited state, the molecule is
called a photoacid.11-17 The excitation of such a molecule
generates an acid in an extremely short time. Photoacids have
therefore many chemical and technological applications,18 for
example as microenvironment probes for heterogeneous me-
dia,19,20 as initiators in polymerization and depolymerization
processes in solid state and in solution,21 and as a means of
inducing a transient pH change (“pH jump”).18 A fundamental
utility of photoacids concerns the study of the dynamics of very
fast proton-dissociation processes, which take place after the
electronic excitation of the photoacid. The process can conve-
niently be studied by means of fluorescence techniques if the
photoacid or its conjugate base are fluorescent or by transient
absorption techniques.17

Photoacids have been used in the investigation of the
dynamics and mechanism of proton transfer to water. Robinson,
Lee and collaborators studied the proton-transfer reactions of
various neutral weak photoacids (2-naphthol, 1-naphthol, and
1-naphthol-2-sulfonate) in binary mixtures of solvents (alcohol/
water and acetonitrile/water) and in aqueous solutions of
different salts.22-30 The rate of the proton transfer was found

to have a nonlinear dependence on the water concentration.
Using the statistical analysis based on the Markov random walk
method, Robinson et al. proposed for these weak photoacids a
cluster of 4( 1 molecules of water as the proton acceptor.

Agmon, Huppert, Pines and collaborators questioned the
interpretation that the dissociation occurs with the involvement
of a cluster of water.31-42 These authors found that the
dissociation of 8-hydroxypyrene-1,3,6-trisulfonate (HPTS) oc-
curs in a reversible way, the geminate recombination of the
dissociation products taking place in reasonable proportion.
Although in this case the recombination is favored by the strong
electrostatic interaction between the proton and the quadruple
charged anion, these authors showed that this recombination
also occurs, although to a minor extent, in other cases, e.g. for
2-naphthol and 1-naphthol, where the anion is only singly
charged. Furthermore, investigating the dissociation process of
HPTS in an extensive series of methanol/water compositions,39

they found that the changes of the dissociation rate constant
due to the solvent are very close to the variations of the
equilibrium constants. They attribute these variations to the
localized counterion stability in water-rich solutions, and to
proton stability in methanol-rich solutions, challenging the idea
that a cluster of water molecules is the required proton acceptor.

The investigations of Tolbert et al. on the proton transfer from
different types of derivatives of 1- and 2-naphthol yielded
interesting results.17,43-45 The introduction of alkyl chains
containing a varying number of hydroxyl groups on 2-naphthol
led to the conclusion that the side chains facilitate the formation
of the requisite geometry for proton transfer, affecting the
number of water molecules involved.44 The introduction of
electron-withdrawing groups (cyano or methanesulfonyl) re-
sulted in derivatives of very strong acidity in the excited state,
comparable in some cases to strong mineral acids.17,43,45The
photoinduced proton transfer from these acids revealed that the
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apparent size of the water cluster is a function of the acidity of
the proton donor. For strong photoacids, water dimers can be
effective proton acceptors. Than Htun et al. came to a similar
conclusion after studying the dissociation of the strong photoacid
4-hydroxy-1-naphthalenesulfonate in alcohol/water mixtures.46-48

In the investigation of the proton transfer to solvent from the
cyano naphthols in nonaqueous solvents and water, Agmon et
al. and Tolbert et al. found the existence of reversible proton
geminate recombination processes and proton-transfer rates
controlled by the solvent motion in many instances.45,49-51

Pines and Fleming studied the dissociation of protonated
1-aminopyrene in mixtures of solvents.52 They found that the
proton-transfer rate is determined by the proton free energy of
transfer from pure water to the binary mixtures, without finding
any indication that this rate is determined by the kinetic
availability of large water clusters.

Scandola et al. investigated the dissociation of excited
protonatedcis-dicyanobis(2,2′-bipyridine)ruthenium(II) in ac-
etonitrile/water solvent mixtures.53 They found that the proton
has an average hydration number of 3, which could be related
to the size of the water clusters acting as proton carriers.

Cations such as 2-(2′-hydroxyphenyl)benzimidazolium,54

2-(3′-hydroxy-2′-pyridyl)benzimidazolium,55 and several hy-
droxyflavylium56,57 and hydroxyquinolinium58-60 ions exhibit
a very strong photoacidity, dissociating at the hydroxyl group.
Bardez et al. found that the proton ejection rate constant of
7-hydroxyquinolinium cation in concentrated HClO4 solutions
depends on the fourth power of the water activity,59,60whereas
for 6-hydroxyquinolinium cation it depends on the activity of
water to the power 2.75.58

The aforementioned papers highlight the difficulty of a
complete understanding of the molecular details of proton
dissociation processes, and especially of proton transfer to water.
The purpose of this paper is to illuminate some of the issues
involved in this topic. A fundamental question concerns the
involvement of water clusters in the proton-transfer process.
We studied the dissociation of a strong photoacid in a solvent
(acetonitrile) unable to accept the proton. The dissociation takes
place only when a base is added. We used water and other non-
hydroxylic bases to affect the dissociation. The other bases do
not have the ability of water to form dimers, trimers, or higher
aggregates through hydrogen bonds. The comparison of the
behaviors of the various bases will therefore throw light on the
issue of water clusters.

We chose for this study a very strong photoacid, which
allowed us to use a low concentration of the base, so that the
properties of the solvent hardly altered when that concentration
was changed. This should remove the difficulties encountered
with weak photoacids, which need a very high concentration
of the base for the dissociation rate to compare with the
deactivation rate of the photoacid, and therefore the solvent
properties and associated magnitudes also change with the
concentration of the base.

Unlike most of the photoacids used in previous investigations
of the dissociation process, which are neutral (naphthol and
derivatives) or negatively charged (HPTS), the photoacid that
we will discuss here is a cation. This causes a lesser tendency
of the dissociation products to recombine, since the dissociation
in the aforementioned cases generates a pair of ions (the
negatively charged conjugate base and the proton), while in our
case the conjugate base is a neutral species. This should simplify
the kinetics of the proton transfer.

The photoacid we used is the protonated form of 2-(2′-
hydroxyphenyl)benzimidazole (HBI), which we will call here-

inafter cationC* (Scheme 1). We showed in a previous article
that this excited cation acts as a very strong photoacid, which
dissociates completely in aqueous solutions (pKa* ≈ -3, Förster
cycle) and in considerable proportion in ethanol.54 The excited
cationC* dissociates at its hydroxyl group, leaving an excited
neutral molecule, whose electronic structure is usually repre-
sented by its resonance keto form (K*, Scheme 1), although
also a resonance zwitterionic form may be drawn with the
negative charge on the oxygen and the positive charge on the
benzimidazole N. Since both the photoacidC* and its conjugate
baseK* show fluorescence, it is possible to investigate the
photodissociation process by means of this technique. In solvents
that are unable to accept the proton, e.g. acetonitrile, the
dissociation does not occur, unless water or other bases are
added. In this article we will discuss the results of our study on
the photodissociation of the cationC* in acetonitrile in the
presence of low concentrations of water and two other bases:
dimethyl sulfoxide (DMSO) and methylurea (MU). Although
the basicity of these species is low (pKa of its conjugate acid:
-1.7 (H2O), -1.5 (DMSO),61 and 0.9 (MU)),62 it is sufficient
in this case because of the strong acidity of the excited cation
C*. Stronger bases may not be used, because they will be
protonated in the acidic medium that is necessary to protonate
HBI in order to get the cationC. We found that hydrogen-
bonded adducts between the photoacid and the base play a
central role in the proton-transfer process, a feature not described
in previous studies of other photoacids.

Experimental Section

HBI and the methoxy derivative 2-(2′-methoxyphenyl)-
benzimidazole (MBI) were obtained, purified, and characterized
as described in a previous paper.54 Solutions were made up in
spectroscopy grade acetonitrile (Scharlau). Spectroscopy grade
dimethyl sulfoxide (Scharlau),N-methylurea (Aldrich, 99%),
and double distilled water were employed. All experiments were
carried out at 25°C, and none of the solutions were degassed.
To obtain an acidic medium in acetonitrile, HClO4 (Merck p.a.)
in the concentration range 10-4-10-3 mol dm-3 was used. We
checked by UV-vis absorption spectroscopy and fluorescence
excitation that the monocation is the only species present in
the ground state under these conditions and that this acidic
medium is maintained after the addition of the base. The
concentration of residual water in acetonitrile, determined by
the Karl Fischer method, was 5× 10-3 mol dm-3. This value,
together with the water accompanying perchloric acid, [H2O]
) 2.4 [HClO4], makes a maximum concentration of water in
the solutions before addition of the base of 1.9× 10-2 mol
dm-3. Fluorescence quantum yields were determined using
quinine sulfate in aqueous H2SO4 as standard (φ ) 0.546).54

To determine the equilibrium constants of formation of the
adducts between the cationC and the bases MU or DMSO, we
measured the absorption of a solution ofC at various concentra-
tions of the base, obtained by adding microliter amounts of MU
or DMSO to a 3 mLsolution ofC.

UV-vis absorption spectra were recorded on a Cary 3E
Varian spectrophotometer. Fluorescence excitation and emission

SCHEME 1: Proton Transfer from the Excited Cation
of 2-(2′-hydroxyphenyl)benzimidazole to a Base B
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spectra were recorded on a Spex Fluorolog-2 FL340 E1 T1
spectrofluorometer, with correction for instrumental factors by
means of a rhodamine B quantum counter and correction files
supplied by the manufacturer. Fluorescence lifetimes were
determined by time-correlated single-photon counting on an
Edinburgh Instruments CD-900 spectrometer equipped with a
hydrogen-filled nanosecond flash lamp and the analysis software
supplied by the manufacturer. The instrumental response width
of the system is 1.0 ns. We measured usually until 10 000 counts
were reached in maximum (2× 103 channels, 24 ps/channel).
The emission band-pass for the lifetime measurements was
usually 20 nm.

Results

(1) Proton Transfer from Photoacid C* to Water. The
fluorescence spectrum of HBI in acidified acetonitrile showed
a single emission band (ν̃max ) 27 000 cm-1; fluorescence
quantum yield,φC ) 0.32) with a normal Stokes shift (Figure
1). This emission resembles that obtained for HBI in other
acidified solvents and can be attributed to the cationC*,54 so
we will call it hereafter band C. Upon addition of small amounts

of water, the fluorescence band C was quenched and a new
red-shifted emission band appeared with its maximum at 22 000
cm-1 (Figure 1a), which is very similar to that of the neutral
keto formK* in water, in ethanol, or in other solvents.54,63-65

This emission band will be called hereafter band K. For
comparison, we show in Figure 1a the fluorescence spectrum
of HBI in neutral acetonitrile in the absence of water. This
spectrum corresponds to the keto formK*, which is formed in
these conditions from the enol form existing in the ground state
by excited-state intramolecular proton transfer.54,63-65 The
fluorescence quantum yield of theK* emission in neutral
acetonitrile was 0.25.

These results mean that the addition of water to an acidified
acetonitrile solution of HBI gives rise to the photodissociation
of C* according to Scheme 1. The excitation spectrum was
independent of the water concentration and of the monitoring
emission wavenumber (Figure 1a) and coincided with the
absorption spectrum. Note that no isoemissive point was
observed upon varying the water concentration within the range
0-1 mol dm-3. The fluorescence emission spectra were
independent of the excitation wavenumber.

The fluorescence of the protonated methoxy derivative MBI
in acidified acetonitrile solutions was unaffected by varying the
water concentration, showing only the band C. This supports
our interpretation that the protonated HBI photodissociates at
the hydroxyl upon adding water.

The fluorescence decay of HBI in acidified acetonitrile was
measured at several monitoring wavenumbers and with various

Figure 1. Fluorescence excitation and emission spectra of HBI in
acidified acetonitrile solution with increasing concentrations of (a) water
([HClO4] ) 6.0× 10-4 mol dm-3), (b) methylurea ([HClO4] ) 5.1×
10-3 mol dm-3), and (c) dimethyl sulfoxide ([HClO4] ) 2.5 × 10-3

mol dm-3): (s) ν̃em ) 26 700 cm-1; (- - O - -) ν̃em ) 22 200 cm-1;
ν̃exc ) 31 700 cm-1. [HBI] ) 9 × 10-6 mol dm-3. For comparison, the
fluorescence emission spectrum of HBI in neutral acetonitrile in the
absence of water, corresponding to the keto formK*, is also shown in
the upper panel (- -).

Figure 2. Band C fluorescence decay of HBI in acidified acetonitrile
solution ([HClO4] ) 7.9 × 10-4 mol dm-3) with [H2O] ) 0.62 mol
dm-3, lamp profile, and the results of (a) monoexponential (τ ) 1.22
( 0.01 ns) and (b) biexponential (τ1 ) 1.429( 0.006 ns,τ2 ) 0.37(
0.01 ns) fits. The weighted residuals and autocorrelation functions are
also shown. [HBI]) 1.1 × 10-5 mol dm-3.

H-Bonded Adducts in Proton-Transfer Processes J. Phys. Chem. A, Vol. 104, No. 32, 20007431



water concentrations. In the absence of water, the decay of the
single emission band (band C) was monoexponential, with a
lifetime of 1.91( 0.02 ns. Upon addition of water, the decay
of this band became biexponential (Figure 2). Figure 3 shows
the values of the two decay times obtained at various water
concentrations. One of the components had a decay time (τ1)
which increased slightly with the water concentration at low
concentrations, followed by a decrease at higher concentrations
The contribution to the decay of this exponential component
fell with increasing water concentration, whereas that of the
second exponential component rose. For the second component,
a decay time (τ2) around 0.4 ns was obtained, which does not
vary significantly with the water concentration.

The fluorescence decay of band K, which appeared in the
presence of water, was triexponential (Figure 4). The decay
times of two of the components were (within the experimental
error) similar to those obtained by measuring the decay of band
C. The third component had a constant decay time (3.7( 0.1
ns) at the different water concentrations.

(2) Proton Transfer from Photoacid C* to Dimethyl
Sulfoxide. Addition of DMSO to an acidified acetonitrile
solution of HBI resulted in a slight change in the absorption
spectrum (Figure 5). This change was not observed when water
was added. The fluorescence band C was quenched by the
addition of DMSO, accompanied by a red shift of its maximum
(Figure 1c). The quenching of band C was concomitant with
the appearance of band K. Both the fluorescence excitation and
absorption spectra showed the same slight changes upon adding
DMSO. Furthermore, the fluorescence excitation and emission
spectra depended on the monitoring wavenumber. None of the
above-mentioned spectral changes due to the addition of DMSO
was observed for the methoxy derivative MBI.

The fluorescence decay of HBI in acidified acetonitrile in
the presence of DMSO exhibited features similar to those
observed in the presence of water. Band C showed a biexpo-
nential decay (Figure 6). One of the components showed
decreasing decay time (τ1) and contribution to the decay upon
increasing the DMSO concentration. The second component had
a decay time (τ2, around 2.1 ns) which did not change

significantly by varying the DMSO concentration, while its
contribution to the decay rose with increasing DMSO concen-
tration and also when the decay was monitored at lower
wavenumbers. The decay of band K was triexponential, and
two of its components coincided (within the experimental error)
with those obtained by monitoring the fluorescence decay in
band C, while the third component had a constant decay time
of 3.9 ( 0.1 ns.

(3) Proton Transfer from Photoacid C* to Methylurea.
The UV-vis absorption spectrum of HBI in acidified acetonitrile
changed slightly upon adding MU. The fluorescence excitation
spectrum showed similar changes (Figure 1b).

The fluorescence emission spectrum of HBI changed also in
the presence of MU (Figure 1b). The fluorescence intensity of
band C fell and that of band K rose as the MU concentration
increased. The most striking difference with respect to the
experiments carried out with the bases water and DMSO was
the appearance of a shoulder around 24 000 cm-1 in the
fluorescence spectra. Moreover, the fluorescence excitation and
emission spectra depended on the monitoring wavenumber
(Figure 5). None of the above-mentioned spectral changes due
to the addition of MU was observed for the methoxy derivative
MBI.

Figure 3. Decay times of the biexponential decays of band C
fluorescence obtained for HBI in acidified acetonitrile solution ([HClO4]
) 7.9 × 10-4 mol dm-3) with increasing water concentrations. The
solid lines are the result of the global fit of the equations deduced from
the proposed mechanism in Scheme 4 to represent the dependence of
the fluorescence intensities and decay times on water concentration.
[HBI] ) 1.1 × 10-5 mol dm-3.

Figure 4. Fluorescence decay of HBI in acidified acetonitrile solution
([HClO4] ) 7.9× 10-4 mol dm-3) with [H2O] ) 0.62 mol dm-3 at (a)
ν̃em ) 21 700 cm-1 and (b)ν̃em ) 23 200 cm-1 and lamp profile (ν̃exc

) 31 700 cm-1). The figure shows also the results of the global analysis
of the decay data collected at both emission wavenumbers to fit a
triexponential decay function. The fluorescence decay timesτi, associ-
ated amplitudes ai, weighted residuals, and autocorrelation functions
are shown. [HBI]) 1.1 × 10-5 mol dm-3.
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When being monitored at band C (28 600 cm-1), the
fluorescence decay was monoexponential, with decreasing
lifetime (τC) as the concentration of MU increased. The
reciprocal ofτC showed a linear dependence on MU concentra-
tion (Figure 7). When being monitored at 24 000 cm-1, the
fluorescence decay at any MU concentration could also be
described by a monoexponential function, although its decay
time was larger than that obtained at 28 600 cm-1 at the same
MU concentration. Given that the cationC* also emitted in
considerable proportion at 24 000 cm-1 (Figure 1), it is
reasonable to assume that the decay timeτC (measured at 28 600
cm-1) contributes to the decay at 24 000 cm-1. We therefore
fitted a biexponential function to the fluorescence decay data
collected at 24 000 cm-1, keeping one of the decay times
constant at the value ofτC measured at 28 600 cm-1 at the same
MU concentration. The obtained fits showed a better residuals
distribution and a lowerø2 value, the second decay time (denoted
asτA) only being slightly larger than the first one (τC). It seems
reasonable to assume that this fact causes the impossibility of
the fit process to separate both components. The reciprocal of
τA also showed a linear dependence on [MU] (Figure 7). The
contribution of the exponential termτC fell and the contribution
of τA rose as the MU concentration increased.

The fluorescence decay at 20 000 cm-1 could be described
by a biexponential function, one of the components showing

negative amplitude. The rise time showed an intermediate value
between the two decay times measured at 24 000 cm-1. When
a triexponential function was fitted to the fluorescence data,
with two decay times fixed at the values obtained at 24 000
cm-1, the fits became better and a third lifetime was obtained
with a constant value of 3.61( 0.05 ns and a positive amplitude,
whereas the other components had negative amplitudes.

Discussion

(1) Proton Transfer from C* to Methylurea. Both the
absorption and the fluorescence excitation spectrum of HBI in
acidified acetonitrile (corresponding to the cationC) changed
due to the presence of methylurea (Figure 1b), while these
spectral changes were not observed for the methoxy derivative
MBI. This behavior suggests that in the ground state an
interaction exists between the cationC and MU via the hydroxyl

Figure 5. (Top) Absorption spectra of HBI ([HBI]) 3.3× 10-5 mol
dm-3) in acidified acetonitrile solution ([HClO4] ) 2.7 × 10-3 mol
dm-3) with increasing concentration of dimethyl sulfoxide. The insert
shows the [DMSO] dependence of the absorbance at 28 400 cm-1.
(Bottom) Monitoring-wavenumber dependence of the fluorescence
excitation and emission spectra of HBI ([HBI]) 9.3× 10-6 mol dm-3)
in acidified acetonitrile solution ([HClO4] ) 5.6 × 10-3 mol dm-3)
with [MU] ) 0.055 mol dm-3.

Figure 6. Decay times of the biexponential decays of band C
fluorescence obtained for HBI in acidified acetonitrile solution ([HClO4]
) 2.7× 10-3 mol dm-3) at different dimethyl sulfoxide concentrations.
The solid lines are the result of the global fit of the equations deduced
from the proposed mechanism in Scheme 3 to represent the dependence
of the fluorescence intensities and decay times on DMSO concentration.
[HBI] ) 2.6 × 10-5 mol dm-3.

Figure 7. Dependence of the reciprocals of the fluorescence decay
times of HBI in acidified acetonitrile solution ([HClO4] ) 5.7× 10-3

mol dm-3) on the concentration of methylurea and linear correlation.
(O) Decay times (τC) of the monoexponential decays of band C
fluorescence. (b) τA component of the biexponential decay at 24 000
cm-1 (the decay time of the second exponential component was fixed
at the value ofτC obtained from the monoexponential decay of band
C). [HBI] ) 1.0 × 10-5 mol dm-3.
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group (-O-H‚‚‚OdC<), which may result in the formation
of a hydrogen-bonded adduct. Similar adducts are well-known,
such as for example the adducts between phenol and amides66

or the adducts between hydroxyaromatic compounds and various
proton acceptors.13,67-71 The formation of a hydrogen bond
donated from the hydroxylic hydrogen atom to the solvent was
also clearly demonstrated on studying the solvatochromism of
the photoacidsâ-naphthol and 5-cyano-2-naphthol.72-74

The observed change of the absorption at different concentra-
tions of MU may be explained by the formation of a hydrogen-
bonded adduct (calledA in Scheme 2) between the cationC
and MU. Since the concentration ofC is much lower than that
of MU, it seems reasonable to consider the MU concentration
unaffected by the formation of the adduct, and the absorbance
at a given wavenumber (Aν) will therefore depend on the MU
concentration as described by eq 1, in whichKA is the
equilibrium constant of formation of the adduct (expressed as
the quotient of concentrations,KA ) [A]/[C][MU]), and aν and
bν are parameters which are dependent on the concentration of
C before formation of the adduct, [C]0, and on the molar
absorption coefficients of the adduct (εA) and the cation (εC) at
the given wavenumber:aν ) εC[C]0, bν ) εAKA[C]0.

The fit of eq 1 to the absorption data is good (see in Figure
5 the result of a similar fit with the data set obtained for DMSO),
yielding a value ofKA ) 12.7 ( 0.1 dm3 mol-1, in the same
order of magnitude found for similar adducts of hydroxyaromatic
compounds.13,66-68 Within the experimental error, the same
value ofKA was found at various detection wavenumbers.

Figure 1b displays the influence of MU on the fluorescence
spectrum of HBI in acidified acetonitrile. In the absence of MU,

the spectrum (band C) stems from the cationC*, which has a
lifetime of 1.91 ( 0.02 ns. In the presence of MU, band K
appears due to the formation of the keto speciesK* by
dissociation of the cationC*, and, as a result of this, the intensity
of band C decreases. The emission spectrum, however, shows
a shoulder around 24 000 cm-1, between the C and K bands,
which cannot be associated with the emissions from the species
C* and K*, indicating the presence of a third emitting species,
which might be the excited adductA*. The fluorescence spectra
of the hydrogen-bonded adducts of hydroxyaromatic compounds
are well-known.13,67,69,71

The emission spectrum ofA* was obtained by two different
procedures. In the first procedure, we assumed that the contribu-
tion of A* to the emission spectrum of HBI in the presence of
MU was negligible at high (ν̃ > 28 000 cm-1) and low (ν̃ <
19 000 cm-1) wavenumbers. In these spectral regions the spectra
of C* andK* (obtained in the absence of MU in acidic medium
and in neutral medium, respectively) were normalized with the
spectrum obtained in the presence of MU, and subsequently
subtracted from this spectrum to yield the spectrum ofA*. This
procedure yields a well-shaped band forA* (see Figure 8),
which confirms the contribution of the adduct to the spectra.

The emission spectrum ofA* was also obtained by applying
the method of principal components analysis (PCA)75-79 to the
series of spectra of HBI in acidified acetonitrile in the presence
of various concentrations of MU.80 This method gives informa-
tion (through the eigenvectors of a square matrix constructed
from the fluorescence spectra recorded at different MU con-
centrations) about the minimal number of spectral components
necessary to reproduce the experimental spectra. In this case,
the obtained number of independent components was three.
Using the physical meaningful restrictions that the spectral
components should have a positive intensity and that each
experimental spectrum should be a linear combination of the

SCHEME 2: Mechanism of the Proton Transfer from the Cationic Photoacid C* to the Base Methylurea (MU) in
Acetonitrile Solution

Aν )
aν + bν[MU]

1 + KA[MU]
(1)
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three independent components with positive contribution coef-
ficients, we obtained the three spectral components given in
Figure 8. The spectra assigned toC* and K* match well with
the experimentally obtained ones, while the spectrum assigned
to A* is in excellent agreement with the one obtained by the
normalization method.

Figure 8 depicts the decomposition of various experimental
emission spectra of HBI in the presence of different concentra-
tions of MU as a linear combination of the three independent
components. As can be observed, the experimental spectra are
in very good agreement with the linear combinations.

The decomposition of the spectrum of HBI at different
concentrations of MU yields the contribution coefficients of the
individual fluorescence spectra ofC*, K*, and A* to each
experimental spectrum (emission coefficientsFC, FK, andFA

representing the relative intensity of each species). In Figure 9
we show the values obtained for these coefficients, relative to
the value of the emission coefficient of the cationC* in the
absence of MU,FC

0. As can be seen, nonlinear correlations
between the coefficients and the concentration of MU are
observed. The insert in Figure 9 shows the ratio of the emission
coefficients of the cation (FC

0/FC) plotted against the concentra-
tion of MU. The observed nonlinear dependence implies that
the quenching of the cation does not follow the Stern-Volmer
relation, as expected due to the formation in the ground state
of the adductA between the cationC and MU.

In Figure 9, the ratios of the emission coefficients of the
fluorescent species are plotted against the concentration of MU.
Almost linear correlation with [MU] is observed for the ratios
of the emission coefficients ofA* and C* (FA/FC) and ofK*
andA* (FK/FA), implying that the transformations ofC* into
A* and of A* into K* are induced by MU. Thus,A* acts as an

intermediate species betweenC* and K*, MU thereby partici-
pating both in its formation and in its disappearance to generate
K*. Note that the ratio of the emission coefficients ofK* and
A* (FK/FA) is linear with the MU concentration, with an
intercept different from zero, indicating that the adduct is able
to dissociate to generateK* without the involvement of a second
molecule of MU, although the latter favors this process (Scheme
2).

The contribution of the adduct to the spectra of HBI in
acidified acetonitrile in the presence of MU can also be derived
from Figure 5, in which the dependence of the excitation and
emission spectra on the monitoring wavenumber is shown.
Monitoring in the maximum of band C yields the excitation
spectrum ofC*, while monitoring in band K gives an excitation
spectrum which is slightly different due to the adduct contribu-
tion, most significantly in the spectral region around 28 000
cm-1. When exciting in this region, mainly the contributions
of A* (shoulder at 24 000 cm-1) andK* are observed in the
emission spectrum.

The fluorescence decay of band C at 28 600 cm-1 is
monoexponential. The reciprocal of its lifetime (τC

-1) varies
linearly with the concentration of MU (Figure 7). This behavior
is in agreement with the above-mentioned quenching process
undergone by the excited cationC* to yield the adductA*
(Scheme 2). The fact that the decay ofC* is monoexponential
indicates that the quenching process is irreversible and that the
fluorescence at 28 600 cm-1 exclusively stems fromC*, without
any contribution from the adduct. This is consistent with the
spectral decomposition analysis shown in Figure 8.

Figure 8. Experimental (s) fluorescence spectra of HBI in acidified
acetonitrile solution ([HClO4] ) 5.1 × 10-3 mol dm-3) with various
methylurea concentrations and calculated spectra (- O -) obtained by
fitting a linear combination of the fluorescence spectra ofC*, A*, and
K*. The individual contributions of these spectra are also shown.ν̃exc

) 31 700 cm-1. [HBI] ) 9.3 × 10-6 mol dm-3.

Figure 9. (Top) Emission coefficients expressing the relative contribu-
tions of the individual fluorescence spectra ofC*, A*, and K* to the
fluorescence spectra of HBI in acidified acetonitrile solution ([HClO4]
) 5.1 × 10-3 mol dm-3) with increasing methylurea concentration.
FC

0 is the emission coefficient ofC* in the absence of MU. The solid
lines are the result of the global fit of eqs 2-6 to the emission
coefficients and decay time data. The insert shows the [MU] dependence
of the reciprocal of the relative emission coefficient ofC*. (Bottom)
[MU] dependence of the ratios of the emission coefficients.ν̃exc )
31 700 cm-1. [HBI] ) 9.3 × 10-6 mol dm-3.
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The fluorescence decay at 24 000 cm-1, where the adduct
A* has its emission maximum, is biexponential. One of the
decay times coincides with that of the cationC* (τC), as it was
expected given the contribution of the emission ofC* at this
wavenumber (see Figure 8). In agreement with our interpretation
of the formation and decay of the excited adductA* (Scheme
2), its fluorescence decay would show a rise timeτC, corre-
sponding to the decay of its precursorC*. We think therefore
that the decay timeτC measured at 24 000 cm-1 corresponds to
the decay ofC* and also to the rise time ofA*. The second
decay time measured in these conditions (τA) may be attributed
to the rate of disappearance ofA*. Since the reciprocal ofτA

shows a linear dependence on the concentration of MU (Figure
7), the disappearance ofA* would be favored by MU, as was
already concluded from the spectral decomposition and the
obtained emission coefficients.

The fluorescence decay at 20 000 cm-1 is triexponential. Two
of the exponential components have negative amplitudes and
similar decay times, corresponding to those measured at 24 000
cm-1, whereas the third component shows a positive amplitude
and a decay time (3.61( 0.05 ns) independent of the MU
concentration. The latter decay time coincides with that of the
neutral keto speciesK* in acetonitrile (3.7 ns).63 According to
the spectral decomposition shown in Figure 8, the fluorescence
emission at 20 000 cm-1 should show a major contribution from
the emission ofK* and a minor contribution fromA*. The
triexponential decay measured at 20 000 cm-1 is therefore
consistent with Scheme 2, since the decay ofK* should be
triexponential, two of the decay times coinciding with those of
the biexponential decay ofA*. The interpretation of the values
of the amplitudes is not easy, since the fluorescence is composed
from the emission ofK* and A*, which would contribute with
a different sign to two of the exponential terms. Moreover, we
should note that the amplitudes are the parameters determined
with more uncertainty in the fitting procedure.

In view of the above results, we propose that the proton-
transfer process from the photoacid to the MU takes place via
the two routes depicted in Scheme 2. In one of the routes only
one molecule of MU participates, while in the other route two
molecules of MU are involved. Both routes proceed via the
hydrogen-bonded adductA*, formed between MU and the
excited cation. This excited adduct can be formed from its
components or by excitation of the ground-state adductA. The
excited adductA* can dissociate directly, yielding the protonated
MU andK*, or, in a parallel route, react with a second molecule
of MU to afford alsoK*. The induction of the dissociation of
the adduct by MU is probably related to the stabilization of the
protonated MU by formation of a hydrogen-bonded dimer with
the second molecule of MU (Scheme 2).

From the proposed mechanism in Scheme 2, eqs 2-6 have
been deduced (see Supporting Information), which show the
dependence of the emission coefficients and decay times on

the concentration of MU in whichR ) kCkrA/krCk2, â ) krKkC/
kKkrC, γ ) k1/kC, δ ) (kA + k3)/k2, ε ) εA/εC, andø ) k3/k2.

In these relations,kr is the radiative deactivation constant of
the corresponding species, andεA and εC are the molar
absorption coefficients of the adduct and the cation, respectively,
at the given wavenumber.

According to these equations, the proposed mechanism
predicts linear dependencies ofFK/FA, τC

-1, andτA
-1 vs [MU],

which were experimentally observed (Figures 7 and 9). Equa-
tions 2-6 were globally fitted to the experimental results,
affording satisfactory fits (see the solid lines in Figure 9) and
yielding the values of the parameters listed in Table 1.

From the values of the fit parameters, we can obtain the
following relations of the fluorescence quantum yieldsφi, which
represent the quantum yield of each speciesi if they could be
directly excited and exclusively deactivated by fluorescence,
internal conversion, and intersystem crossing (rate constant of
radiative decay,kr; rate constant of total decay,k):

Since the fluorescence quantum yield of the cationC* in
acetonitrile is known (φC ) 0.32), we can calculate from the
experimental value of the ratioφA/φC the quantum yield of the
adduct. The value obtained (φA ) 0.18) is of the same order of
magnitude as the quantum yield of the cationC*.

The value obtained for the ratio of quantum yieldsφK/φC )
1.0 ( 0.1 means that the quantum yield ofK* must be very
similar to that ofC* (0.32). The quantum yield ofK* cannot
be determined directly in acetonitrile, because it does not exist
in the ground state. When HBI is excited in its neutral form
(enol) in acetonitrile, only the fluorescence ofK* was detected,
and a fluorescence quantum yield of 0.25 was measured in these
conditions. Since the enol form does not fluoresce, its main

TABLE 1: Equilibrium Constants K, Rate Constantsk, and Fluorescence Quantum YieldsO Obtained for the Proton Transfer
from the Cationic Photoacid C* to the Bases Methylurea (MU), Dimethyl Sulfoxide (DMSO), and Water in Acetonitrile Solution

MU DMSO Water

KA/(dm3 mol-1) 12.7( 0.1 13.3( 0.1
KA* /(dm3 mol-1) >4 × 102 (8 ( 3) × 10 3.5( 0.5
k1/(dm3 mol-1 s-1) (3.9( 0.1)× 109 (5.4( 0.4)× 109 (3.5( 0.4)× 109

k-1/s-1 <1 × 107 (7 ( 1) × 107 (1.0( 0.1)× 109

k2/(dm3 mol-1 s-1) (1.59( 0.08)× 109 (5.5( 0.8)× 108

k3/s-1 (1.3( 0.3)× 108 (2 ( 1) × 108

kA/s-1 (2.7( 0.3)× 108 (3 ( 2) × 108 (4.2( 0.5)× 108

φA 0.18 0.48 0.29
φK/φC 1.0( 0.1 0.9( 0.8 1.4( 0.2

FC

FC
0

) 1
(1 + γ[MU])(1 + KA[MU])

(2)

FA

FC
0

)
R(εKA[MU](1 + γ[MU]) + γ[MU])

(1 + KA[MU])( δ + [MU])(1 + γ[MU])
(3)

FK

FC
0

)
â(ø + [MU]) {εKA[MU](1 + γ[MU]) + γ[MU] }

(1 + KA[MU])( δ + [MU])(1 + γ[MU])
(4)

τC
-1 ) kC + k1[MU] (5)

τA
-1 ) kA + k3 + k2[MU] (6)

φA

φX
)

kCkrA

krCkA
)

Rk2

kA
(7)

φK

φC
)

krKkC

kKkrC
) â (8)
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deactivation is assumed to be the formation ofK*,54,63-65

meaning that this value corresponds essentially to the fluores-
cence quantum yield ofK*. This hypothesis is supported by
the value obtained for the ratioφK/φC.

(2) Proton Transfer from C* to Dimethyl Sulfoxide. The
absorption spectrum of HBI in acidified acetonitrile in the
presence of DMSO (Figure 5) shows changes similar to those
observed upon adding MU. Accordingly, the formation of a
hydrogen-bonded adductA betweenC and DMSO is proposed
(see Scheme 3). The value obtained for the equilibrium constant
is KA ) 13.3 ( 0.1 dm3 mol-1.

The observed changes in the fluorescence emission spectra
of HBI upon adding DMSO (quenching of band C and
increasing of band K, Figure 1c) indicate that DMSO is able to
induce the photodissociation ofC*. This is supported by the
fact that for the methoxy derivative MBI no spectral changes
were observed when DMSO was added.

From the analysis of the emission spectra of HBI in acidified
acetonitrile in the presence of DMSO by the methods of
normalization and PCA, we conclude that there exist three
independent components in these spectra, whose contributions
vary with the concentration of DMSO. The spectra of the
components obtained by the two different methods coincide.
Figure 10 shows the spectra of these components. Two of the
obtained spectral components correspond to the emission of the
photoacidC* and its conjugate baseK*. The third component
resembles the one obtained in the presence of MU (although
its emission maximum is slightly shifted to the blue). We can
therefore attribute this component to the excited hydrogen-
bonded adductA* formed by C* and the base DMSO. The
experimental spectra at any concentration of DMSO can be
perfectly reproduced by linear combinations of the obtained
spectral components (Figure 10). Since in this case the
maximum ofA* is close to the maximum ofC*, no shoulder
due to A* (as detected in the case of MU) is seen in the
emission. Instead, a shift of the maximum of band C is observed.

In Figure 11, the ratios of the emission coefficients of the
fluorescent species are plotted against the concentration of
DMSO. As can be seen, the ratio between the emission
coefficients of the cation (FC

0/FC) does not depend linearly on
the concentration of DMSO, which is due to the formation of
the adduct in the ground state. Furthermore, we observe that
the ratio of the emission coefficients ofK* and A* is almost

SCHEME 3: Mechanism of the Proton Transfer from the Cationic Photoacid C* to the Base Dimethyl Sulfoxide
(DMSO) in Acetonitrile Solution

Figure 10. Experimental (s) fluorescence spectra of HBI in acidified
acetonitrile solution ([HClO4] ) 2.5 × 10-3 mol dm-3) with various
dimethyl sulfoxide concentrations and calculated spectra (- O -)
obtained by fitting a linear combination of the fluorescence spectra of
C*, A*, andK*. The individual contributions of these spectra are also
shown.ν̃exc ) 31 700 cm-1. [HBI] ) 8.9 × 10-6 mol dm-3.
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independent of [DMSO]. This independence was not observed
when the base was MU (Figure 9) and reflects that DMSO,
unlike MU, does not favor the conversion ofA* into K*.

The decay of band C at 27 000 cm-1 is biexponential (Figure
6), in contrast to the behavior observed with MU as the base,
which gave a monoexponential decay. This biexponential decay
is also observed at low concentrations of DMSO, where the
contribution of the excited adduct to the emission at 27 000
cm-1 is expected to be negligible. This means that in the
presence of DMSO the decay of the cationC* is biexponential.
One of the components shows a decay time which is almost
constant and whose contribution to the decay rises when the
DMSO concentration is increased, while the decay time and
contribution of the other component decreases with increasing
DMSO concentration. The reciprocal of this latter decay time
does not depend linearly on [DMSO], indicating that the
quenching of the cation by DMSO is not a simple process.
Probably the formation of the adduct in the excited state is a
reversible process.

In agreement with our interpretations above, we propose the
mechanism shown in Scheme 3 for the photodissociation ofC*
in the presence of DMSO. The differences between the behavior
of the bases DMSO and MU are 2-fold: the formation in the
excited state of the adduct betweenC* and the base is reversible
in the case of DMSO, and, unlike MU, DMSO does not catalyze
the transformation ofA* into K*. The equations representing
the dependence of the emission coefficients and decay times
on the concentration of DMSO allow us to reproduce the
experimental behavior very well (see the solid lines in Figure
6), yielding, by means of global analysis, the values of the
constants listed in Table 1.80

(3) Proton Transfer from C* to Water. Whereas the
absorption and fluorescence excitation spectra of HBI in
acidified acetonitrile changed in the presence of MU and DMSO,
no alteration was observed in the presence of water (Figure 1).
Therefore, there is no sign of the existence of a ground-state
hydrogen-bonded adduct of the cationC with water.

The emission spectra in the presence of water (Figure 1a)
showed again the quenching of band C and the rise of band K
upon increasing the water concentration, which indicates that
the photodissociation of the cationC* takes place. It should be

noted that no isoemissive point is observed in the series. The
method of PCA yielded the presence of three spectral compo-
nents, which are displayed in Figure 12. The first component
(maximum at 27 000 cm-1) corresponds to the cationC*. The
second component, which emits in the intermediate region
(maximum at 25 600 cm-1), is similar to the spectrum which
was attributed above to the adductA* of the excited cation with
MU or DMSO. We associate therefore this component to an
excited adduct betweenC* and one molecule of water, which
we also callA* (see Scheme 4). The third component has a
spectrum which is very similar to that of the keto speciesK*
in acetonitrile, but not completely identical (it is slightly broader
and tails more at high wavenumbers). This spectrum resembles
more the spectrum ofK* in water.54 This points to a specific
solvation effect ofK* by water as the possible cause of this
fact. Each experimental spectrum is satisfactorily reproduced
by a linear combination of the spectra ofC*, A*, andK* (Figure
12). Figure 13 shows the values obtained for the relative
emission coefficientsF of each species at different water
concentrations.

The decrease of the emission coefficient of the cationC* as
the concentration of water increases does not follow the Stern-
Volmer relation. This might be due to the reversibility of the
quenching process. This hypothesis is supported by the fact that
the emission band C decays biexponentially (Figure 2).

The ratio of the emission coefficients ofK* and A* (FK/FA)
shows a nearly linear dependence on [H2O] with an intercept
equal to zero (see insert in Figure 13), indicating thatK* can
only be formed fromA* with one molecule of water. SinceA*
is the excited adduct formed betweenC* and one molecule of
water, this means that the photodissociation of the cationC*
requires two molecules in order to take place.

In Scheme 4 our proposed mechanism for the proton transfer
from C* to water is displayed. As with DMSO, the complexation

Figure 11. Ratio of the emission coefficients expressing the relative
contributions of the individual fluorescence spectra ofC*, A*, and
K* to the fluorescence spectra of HBI in acidified acetonitrile solution
([HClO4] ) 2.5× 10-3 mol dm-3) with increasing dimethyl sulfoxide
concentration.FC

0 is the emission coefficient ofC* in the absence of
DMSO. The broken line illustrates a linear correlation.ν̃exc ) 31 700
cm-1. [HBI] ) 8.9 × 10-6 mol dm-3.

Figure 12. Experimental (s) fluorescence spectra of HBI in acidified
acetonitrile solution ([HClO4] ) 6.0 × 10-4 mol dm-3) with various
water concentrations and calculated spectra (- O -) obtained by fitting
a linear combination of the fluorescence spectra ofC*, A*, and K*.
The individual contributions of these spectra are also shown.ν̃exc )
31 700 cm-1. [HBI] ) 8.6 × 10-6 mol dm-3.
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in the excited state is reversible, but, in contrast to the behavior
observed with the bases DMSO and MU, the direct dissociation
process of the adduct to yieldK* does not occur. A single
molecule of water, unlike DMSO and MU, is unable to accept
the proton. From this mechanism, the equations representing
the dependence of the emission coefficients and decay times
on the concentration of water can be deduced.80 These equations
can be fitted satisfactorily to the experimental data (see the solid
lines in Figures 3 and 13). Note that the longer decay time of

the biexponential decay of band C shows an experimental
behavior in agreement with the model, which predicts a slight
increase of this decay time at low concentrations, followed by
a decrease at higher concentrations (Figure 3). The values of
the rate constants obtained by means of a global fit of all the
equations are listed in Table 1. It can be observed in Figures 3
and 13 that the goodness of the fit to the data corresponding to
the short decay times is somewhat inferior. It should be taken
into account, however, that the short decay times (around 0.4
ns) are close to the resolution limit of our equipment (0.1 ns)
and therefore have a larger uncertainty than the long decay times.

(4) Comparative Discussion.The lifetime and fluorescence
spectrum of the excited adductA* formed between the photoacid
C* and one molecule of the base (MU, DMSO, or water) are
similar for the three investigated bases. The adduct has its
emission maximum between that ofC* and K*. This indicates
that the hydrogen bond between the OH group and the base
should be quite strong, giving the adduct some photophysical
properties between those of the photoacidC*, without the
transfer of the proton, and its conjugate baseK*, with the proton
transferred.

The quantum yields of the three adducts (Table 1) are very
similar and of the same order of magnitude as the quantum yield
of the cationC*. The ratio of quantum yieldsφK/φC, which is
independent of the nature of the base, should have the same
value in the three cases. As can be seen in Table 1, the found
values are indeed the same within the experimental error.

The values obtained for the rate constantk1 (formation of
the adduct in the excited state) are between 3.5 and 5× 109

dm3 mol-1 s-1 (Table 1). These values can be considered to
correspond to a diffusion-controlled process, since a steric factor
must exist that takes into account the orientation of the reactants
to form the adduct.

The rate constantk-1 (dissociation of the adduct to regenerate
the reactants) changes significantly with the nature of the base,
the highest value being obtained for water (Table 1). In the case

SCHEME 4: Mechanism of the Proton Transfer from the Cationic Photoacid C* to the Base Water in Acetonitrile
Solution

Figure 13. Emission coefficients expressing the relative contributions
of the individual fluorescence spectra ofC*, A*, and K* to the
fluorescence spectra of HBI in acidified acetonitrile solution ([HClO4]
) 6.0 × 10-4 mol dm-3) with increasing water concentration.FC

0 is
the emission coefficient ofC* in the absence of water. The solid lines
are the result of the global fit of the equations deduced from the
proposed mechanism in Scheme 4 to represent the dependence of the
fluorescence intensities and decay times on water concentration. The
insert shows the [H2O] dependence of the ratio of the emission
coefficients ofK* and A*. ν̃exc ) 31 700 cm-1. [HBI] ) 8.6 × 10-6

mol dm-3.
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of MU this constant could not be determined, because it is much
lower than the values for the rate constants of the other
deactivation routes of the adduct. This means that its value
cannot be higher than∼1 × 107 s-1 (10% of the rate constant
of the slowest deactivation route ofA*); otherwise it would
have been observed experimentally.

Knowing the values of the rate constantsk1 andk-1, we can
calculate the equilibrium constants of formation of the adducts
in the excited state,KA* ) k1/k-1, yielding the values given in
Table 1. A decrease of the equilibrium constant is observed in
the following order: KA* (MU) > KA* (DMSO) > KA* (water).
This order changes for the values obtained for the ground-state
equilibria, KA(DMSO) = KA(MU) > KA(water), but in both
cases water is the species with the lowest tendency to com-
plexate, its adduct probably being the least stable. These results
are in agreement with the hydrogen-bond acceptor basicities of
Kamlet-Taft for these species, since the value for water (0.18)
is much lower than the value for DMSO (0.76) and for species
similar to MU, like dimethylformamide (0.69) or formamide
(0.55).81 For the same base, the association constants are higher
in the excited state than in the ground state, which is in
agreement with the higher acidity ofC* in the excited state.
Similar results were obtained for other excited adducts of
hydroxyaromatic compounds, which show an increase of the
formation equilibrium constants by 1-2 orders of magnitude
on photoexcitation.13 On studying the solvatochromic shifts of
the photoacidsâ-naphthol and 5-cyano-2-naphthol, Solntsev et
al. found also an excited-state strengthening of the hydrogen
bond to the solvent.72-74

The stronger hydrogen bond of the adducts in the excited
state than in the ground state is demonstrated also by the red
shift of the absorption and fluorescence spectra upon formation
of the adducts.68 The position of the emission maximum of the
adducts changes with the base, showing a red shift in the order
water (25 600 cm-1), DMSO (24 900 cm-1), and MU (23 900
cm-1). This points to a strengthening of the hydrogen bond of
the excited adducts in the same order, in agreement with the
obtained values of the equilibrium constantsKA* (Table 1).

The proton transfer takes place by dissociation of the adduct
via two different processes, one of them unimolecular and the
other bimolecular with a second molecule of the base. In the
bimolecular dissociation process, finally a cluster of two
molecules of the base is the accepting entity of the proton. The
rate constantk2 of the bimolecular dissociation of the adduct is
lower than that of a diffusion-controlled process (Table 1),
indicating that the process is chemically controlled. The highest
value is found for MU, probably due to the fact that its basicity
is significantly higher than that of the other two bases. This
process has not been observed for DMSO, possibly because of
the low concentration of DMSO used (maximum concentration
0.25 mol dm-3, whereas 1.08 mol dm-3 for water) and because
of the lower value ofk2 for this species.

The unimolecular dissociation of the adduct yieldingK* and
the protonated base (with rate constantk3) has been detected
for the bases DMSO and MU, but not for water. Apparently
one molecule of water is unable to accept the proton in a process
fast enough to compete with the other processes undergone by
the adduct. In the case of water, a cluster of two molecules is
therefore the entity that finally accepts the proton donated by
the photoacid.

Conclusion

We investigated the mechanism of the photoinduced proton
transfer from the excited protonated cation of 2-(2′-hydrox-

yphenyl)benzimidazoleC*. The proton transfer fromC* to the
three investigated bases (water, dimethyl sulfoxide, and me-
thylurea) in acetonitrile solution occurs exclusively via a 1:1
hydrogen-bonded adductA* betweenC* and the base. The
adduct is formed in the excited state with a diffusion-controlled
rate constant. For the bases MU and DMSO, the adduct also
exists in the ground state and can reach the excited state by the
absorption of light. The fluorescence spectrum and quantum
yield of the adducts have been determined as well as some of
the equilibrium constants of formation of the adducts in the
ground and excited states.

The proton transfer from the photoacidC* to the base takes
place during the dissociation of the adduct. The unimolecular
dissociation, which yieldsK* and the protonated base, has been
observed for the adducts formed with MU and DMSO, but was
not detected for the adduct formed with water. This led us to
the conclusion that one molecule of water is unable to accept
the proton from the photoacid; at least this process is not fast
enough to compete with the other processes undergone by the
adduct. The dissociation of the adduct formed with water
requires the assistance of a second molecule of water, and, as
a result, the entity which finally accepts the proton is a cluster
of two molecules of water. This bimolecular dissociation process
of the adduct, whose rate constant is lower than the diffusion-
controlled limit, also exists when the base is MU, but was not
observed for DMSO.
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