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Ground-state tautomerism and excited-state proton-transfer processes of 2-(6′-hydroxy-2′-pyridyl)benzimi-
dazolium in H2O and D2O have been studied by means of UV-vis absorption and fluorescence spectroscopy
in both steady-state and time-resolved modes. In the ground state, this compound shows a tautomeric equilibrium
between the lactim cation, protonated at the benzimidazole N(3), and its lactam tautomer, obtained by proton
translocation from the hydroxyl group to the pyridine nitrogen. Direct excitation of the lactam tautomer leads
to its own fluorescence emission, while as a result of the increase of acidity of the OH group and basicity at
the pyridine N upon excitation, the lactim species undergoes a proton translocation from the hydroxyl group
to the nitrogen, favoring the lactam structure in the excited state. No fluorescence emission from the initially
excited lactim species was detected due to the ultrafast rate of the excited-state proton-transfer processes.
The lactim-lactam phototaumerization process takes place via two competitive excited-state proton-transfer
routes: a one-step water-assisted proton translocation (probably a double proton transfer) and a two-step
pathway which involves first the dissociation of the lactim cation to form an emissive intermediate zwitterionic
species and then the acid-catalyzed protonation at the pyridine nitrogen to give rise to the lactam tautomer.

Introduction

Photoinduced excited-state proton-transfer reactions are in-
volved in many chemical and biological areas. Since the initial
works of Förster and Weller,1-3 many research efforts have been
focused on the understanding of the dynamics of excited-state
proton-transfer reactions in bulk solvents, isolated molecules
and clusters, continuing this topical issue as a very active area
of research owing to unravel the complex molecular mechanism
of these processes.4-13 Among these reactions, the photoinduced
transfer of a proton between an acid and a basic site in a
bifunctional molecule is an active topic that has received
considerable attention.3-5,7-13 In these species, both proton donor
and acceptor groups may undergo a simultaneous increase of
acidity and basicity upon electronic excitation, providing the
driving force for migration of the proton from the acid to the
basic site and leading to a phototautomer. Depending on the
relative position of the donor and acceptor groups within the
molecule and the nature of the surrounding molecules, the
phototautomerization can take place in three distinct ways: (a)
intramolecularly, via a pre-established hydrogen bond between
the acid and basic sites (excited-state intramolecular proton
transfer or ESIPT), (b) stepwise, facilitated by the solvent, with
protonation and deprotonation consecutive reactions through an
intermediate species, and (c) double- or multiple-proton transfer
(sequential or concerted) in a hydrogen-bond network linking

the donor and the acceptor through one or more bifunctional
molecules with hydrogen bonding accepting and donating
abilities, acting as bridge between the donor and the acceptor
sites.

An appealing bifunctional molecule is 2-hydroxypyridine
(lactim form), which depending on solvent and other conditions
experiences a proton translocation from the hydroxyl group to
the pyridine nitrogen, forming 2-pyridone (lactam tautomer).
The factors influencing the tautomeric equilibrium in ground
and excited states and the interconversion mechanism have
received considerable attention from experimental and theoreti-
cal points of view.14-30 The geometry of the molecule does not
facilitate the intramolecular proton transfer, and the tautomer-
ization has been shown to take place by double proton transfer
in bridged hydrogen-bonding dimers or complexes with other
bifunctional molecules (water, alcohol, ...). Other examples of
much studied bifunctional molecules which show photoinduced
double proton-transfer processes are 7-azaindole, 1-azacarbazole,
hydroxyquinolines, pyridylindoles, and related structures.4,5,8,9,13

The properties of H-bonding complexes of bifunctional
molecules such as 2-pyridone and other heterocycles have
attracted a great deal of attention not only due to its intrinsic
interest but also for other reasons. First of all, H-bonding
complexes show similarities with nucleic acid base pairs and
have been proposed as base-pairs analogues to study some of
their properties (uracil and thymine show the same H-bonding
sites as 2-pyridone).8,18,31,32One of the matters of interest is
the photoinduced proton-transfer processes in the H-bonding
complexes, that have been hypothesized as a possible source
of photoinduced mutagenesis.31-36 Interestingly, an excited-state
proton-transfer process in nucleic acid base pairs has been

* To whom correspondence should be addressed. E-mail: (F.R.-P.)
qfflorrp@usc.es; (M.M.) qfmmgfot@usc.es.

‡ Current address: Cancer Research UK, Dundee University, Dundee,
U.K.

§ Current address: Institut fu¨r Chemie, Humboldt University, Berlin,
Germany.

10189J. Phys. Chem. A2005,109,10189-10198

10.1021/jp0518355 CCC: $30.25 © 2005 American Chemical Society
Published on Web 10/26/2005



recently proposed as an important mechanism behind the high
photostability of DNA base pairs.37,38Moreover, the lactam ring
appears in many molecules of biological relevance, from
nucleotide bases (uracil, thymine, cytosine, and guanine) to
antibiotics and proteins (for example, it appears in the choro-
mophore of the green fluorescent protein). Hydrogen bonding
and proton transfer are usually key features in the reactivity of
these molecules, for example in the aminolysis ofâ-lactam
antibiotics, which was shown to be catalyzed by H-bonding
bifunctional molecules.39 In a rather different field, an anhydrous
proton conductor based on lactam-lactim tautomerism of uracil
has been recently presented.40 It has been suggested a Grotthuss-
type proton-hopping mechanism for this proton conductor, which
could be useful for polymer electrolyte membrane fuel cells.

Some time ago we began an extensive research into the
photophysics of a derivative of 2-hydroxypyridine developed
in our group, 2-(6′-hydroxy-2′-pyridyl)benzimidazole (1, see
Chart 1).41-43 In similar molecules with the hydroxyl group in
the ortho position with respect to the benzimidazole moiety, an
ESIPT process takes place from the hydroxyl group to the
benzimidazole N(3) via a ground-state pre-established hydrogen
bond.44-46 The meta position of the hydroxyl group in1
precludes the possibility of ESIPT but opens new ways with
regard to its tautomeric reactions, with two acid and two basic
sites and the possibility to form hydrogen-bond networks. We
studied the rich and complex behavior of1 in acetonitrile,
ethanol, and water41 and showed that there is an equilibrium in
the ground state between the lactim form (N) and the lactam
tautomeric form (T) (see Chart 1), favoring the latter as the
solvent polarity is increased. In protic solvents, the excitation
of the neutral formN yields a phototautomer whose nature is
different depending on the solvent. In water, the proton migrates
from the hydroxyl group to the pyridine nitrogen, whereas in
ethanol this translocation takes place from the N-H benzimi-
dazole to the pyridine nitrogen. The latter process was also
detected for the anionic form of1 in basified ethanol and water42

and for various related structures in alcohols and water.5,9,47-49

All these proton-transfer processes are assisted by the solvent,
and we showed for the phototautomerization of the anion in
ethanol at low temperatures that the process is controlled by
the solvent reorganization.42

We studied also the behavior of1 in acidified acetonitrile,43

showing that the lactim cation (C), protonated at the benzimi-
dazole N(3), see Chart 1, is the species present in the ground
state and does not tautomerize in the excited state. However,
in the presence of small amounts of alcohols,C* experiences
an alcohol-assisted phototautomerization from the OH group
to the pyridine N, giving the tautomeric lactam cationTC* .

The formation of this tautomeric cation occurs mainly via a
cyclical complex between the cationC* and two molecules of
alcohol, although it has been observed that a small fraction of
C* also forms a suitable precursor ofTC* with just one alcohol
molecule. The mechanism of phototautomerization of the related
cation 2-(3′-hydroxy-2′-pyridyl)benzimidazolium was also in-
vestigated, showing a complex solvent-dependent behavior.50

In acetonitrile, it does not tautomerize, in ethanol it deprotonates
to form a neutral keto species, and in water it undergoes a two-
step tautomerization by two different protonation-deprotonation
routes.

In this paper we present an extensive study concerning the
excited-state proton-transfer mechanism of1 in acidified H2O
and D2O. The combined application of steady-state, time-
resolved fluorescence, and principal component global analysis
allowed us to establish the details of the kinetic mechanism and
the rate constants involved.

Experimental Section

Compound1 was prepared and purified as described else-
where.43 Solutions were made up in double-distilled water
treated with KMnO4, spectroscopy grade acetonitrile (Scharlau),
and D2O from Sigma (99.9% D) and were not degassed. Acidity
was varied with HClO4. pHc was calculated as-log([H+]/mol
dm-3). All experiments were carried out at 25°C.

UV-vis absorption spectra were recorded in a Varian Cary
3E spectrophotometer. Fluorescence excitation and emission
spectra were recorded in 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 single-photon timing in an Edinburgh Instruments
FL-900 spectrometer equipped with a hydrogen-filled nanosec-
ond flash lamp and the reconvolution analysis software supplied
by the manufacturer. This procedure involves convoluting a
theoretical model representing the kinetics of the measured data
with an instrument response function and then comparing this
to the measured decay data.

Theoretical equations were fitted to the experimental data by
means of a nonlinear weighted least-squares routine based on
the Marquardt algorithm. Principal component global analyses
were performed with Matlab 6.0 for Windows.

Results

1. Absorption Spectra. The absorption spectra of1 were
recorded in aqueous solution over the pHc range 5.00-1.96
(Figure 1a). The spectrum shifted to the blue on going from
neutral to acidic aqueous solution and isosbestic points appeared
around 30 000, 37 000, and 41 000 cm-1. The spectrum obtained
in the most acid solution showed an intense band with maximum
at 31 200 cm-1 (band I) and a weak band around 28 000 cm-1

(band II). The absorption spectrum of1 in acidified acetonitrile
(Figure 1b) showed only one band located at the same position
as that of band I in water. The spectra of1 in D2O were similar
to H2O (results not shown).

2. Fluorescence Spectra and Lifetimes. The fluorescence
spectra of1 over a wide range of acidity were recorded in both
H2O and D2O under excitation at absorption bands I and II. As
the spectra obtained in both solvents were very alike, only the
results in water are shown in Figure 2.

Under excitation at 28 570 cm-1 (band II), the emission band
was located at 25 000 cm-1 at pHc 4.10 (Figure 2a). As the
acidity increased, the maximum of this band shifted to the red
(23 500 cm-1 at pHc 1.54), and its intensity increased by a factor

CHART 1: Molecular Structures of the Lactim and
Lactam Neutral Tautomers and Three Possible
Monocations of Species 1
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of 1.2. When the excitation was performed at 31 250 cm-1,
maximum of absorption band I, the fluorescence spectra
obtained at pHc 4 and pHc below 1.5 (Figure 2b) were similar
to those obtained at the same acidity under excitation in band
II. However, at intermediate pHc values the emission behavior
was remarkably different. Thus, as the pHc decreased from 4
to 2, the emission band (peaking at∼25 000 cm-1) shifted to
the red (maximum at∼22 800 cm-1), and an isoemissive point
was detected at 26 500 cm-1. Further increase in the acidity
from pHc 2.00 to pHc 0.76 shifted the spectrum to the blue until
the emission spectrum (peaking at about 24 000 cm-1) matched
that obtained under excitation in band II. The emission intensity
as a function of pHc showed also different profiles depending
on the monitoring emission wavenumber (inset of Figure 2b):
at 24 000 cm-1, the emission intensity increased continuously
on decreasing pHc from 4 to 1, whereas at 20 000 cm-1 the
intensity showed a maximum at an intermediate acidity around
pHc 2.

Time-resolved fluorescence of1 in acidic media (pHc < 2)
under excitation at absorption band II was independent of pHc

and emission wavenumber and showed monoexponential decay
with a lifetime of 2.10 ns in H2O and 2.37 ns in D2O. When
the excitation was performed at the maximum of absorption
band I, the fluorescence decay was biexponential in both
solvents at all the wavenumbers studied (23 810 and 21 740
cm-1 for H2O and 25 000, 23 260, and 21 280 cm-1 for D2O),

see the Supporting Information. One of the decay times,τ1, was
pH independent, its value matching that obtained exciting at
the maximum of absorption band II. On the contrary, the second
decay time,τ2, showed pronounced acidity dependence, its value
decreasing as the pH decreased. As both components showed
very similar values at high acidity (at approximately [HClO4]
> 1.5 × 10-2 mol dm3 for H2O and [HClO4] > 2.5 × 10-2

mol dm3 for D2O), a global analysis of the time-resolved
fluorescence data at all the emission wavenumbers studied was
performed in both media, keeping fixed the decay timeτ1 with
the same value as that obtained under the excitation in band II
(2.10 ns in H2O and 2.37 ns in D2O). The values ofτ2 and the
amplitudes ratioB1/B2 obtained in this way are shown in Figures
3 and 4 for H2O and D2O, respectively.

Discussion

1. Interpretation of the Absorption Spectra of 1 in Acidic
Aqueous Solution: Lactim-Lactam Tautomeric Equilibri-
um between Cations in the Ground State.The blue shift
observed in the absorption spectra as the acidity increased and
the isosbestic points detected indicate the existence of an acid-
base equilibrium in this acidity range involving the protonation
of the neutral forms (equilibrium acidity constantKa, expressed
in terms of concentrations of the species involved). Any
absorption spectrum in the acidity range studied,A (measured
at nw discrete wavenumbers), must be a combination of the
spectra of the neutral forms,An, and the protonated forms,Ap,
as expressed in eqs 1-3. In these equations,cn andcp are the
acidity-dependent contributions of the spectra of the neutral

Figure 1. (a) Absorption spectra of1 in aqueous solution at various
pHc values from 5.00 (1) to 1.96 (9). (b) Absorption spectrum of1 in
acidified acetonitrile (-0-, [HClO4] ) 3.4× 10-3 mol dm-3), together
with the absorption spectra of the neutral (An) and the protonated (Ap,
showing bands I and II) forms of1, obtained applying principal
component global analysis to a series of 15 absorption spectra, some
of which are plotted in part (a). The inset shows the coefficients
representing the contributions of these spectra to the experimental
absorption spectra at each acidity. Molar absorption coefficientsε are
global values, calculated as the quotient of absorbance divided by the
absorption path length and the total concentration of1. [1] ) 1 × 10-4

mol dm-3.

Figure 2. (a) Fluorescence spectra of1 in aqueous solution under
excitation at band II (ν̃exc ) 28 570 cm-1) with pHc values in the range
4.10 (1)-1.54 (4), together with the absorption spectra at pHc ) 5.00
(- - -) and pHc ) 1.96 (-•-•-). (b) Fluorescence spectra of1 in
aqueous solution excitation at band I (ν̃exc ) 31 250 cm-1) with
decreasing pHc in the range 4.03 (1)-0.75 (8), together with the
absorption spectra at pHc ) 5.00 (- - -) and pHc ) 1.96 (-•-•-).
The inset shows the dependence on acidity of the fluorescence intensity
at ν̃em ) 24 010 cm-1 (O) and at 20 000 cm-1 (b), normalized at the
maximum intensity in the range. [1] ) 3 × 10-6 mol dm-3.
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species (N and T)41 and the protonated species to the global
absorption spectra.

Principal component analysis has proven to be very useful
to determine the number of independent “component spectra”

linearly contributing to the changes observed in the experimental
spectra as a function of a systematically changed variable
(acidity in our case).51,52 Also, when it is combined with the
equations derived from a model (like the acid-base equilibrium
described by eqs 1-3), it is possible to obtain accurate
estimations of the independent component spectra. Principal
component analysis was applied to the series of absorption
spectra in Figure 1a, and the result showed that two independent
components are needed to reproduce all the experimental spectra
of the series. A nonlinear global analysis combined with
principal component analysis (principal component global
analysis)52 was also carried out to test the model functions
describing the acidity dependence of coefficientscn andcp (eqs
2 and 3) and to find estimations ofKa and the component spectra
An andAp. In this way, eqs 1-3 were globally fitted to all the
spectra at all available wavenumbers simultaneously, yielding
the calculated component spectraAn andAp and the coefficients
cn andcp plotted in Figure 1b, and the acidity constants shown
in Table 1.

The absorption spectrumAp of the protonated form of1
obtained from principal component global analysis (almost
coincident with the spectrum recorded experimentally at pHc

2.0) is very similar to that measured in acidified acetonitrile
(Figure 1b), except in the red edge 29 000-26 000 cm-1 (band
II). The new band II present in water could be due to the
existence of two monocations in the ground state. This
hypothesis is supported by the different fluorescence behavior
observed under excitation at each individual band (see below).
We have already shown41 that in neutral aqueous conditions
compound1 shows a tautomeric equilibrium between the lactim
form N and the lactam tautomerT. From the different
protonation sites available in these neutral structures, we can
identify three possible monocations (see Chart 1), two resulting
from protonation of the lactim form, either at the benzimidazole
N(3) (C) or at the pyridine nitrogen (PC), and one obtained
from protonation of the lactam structure at the benzimidazole
N(3) (TC). It is known that protonation at the benzimidazole
N(3) in pyridylbenzimidazoles does not change the absorption
spectrum significantly, whereas protonation at the pyridine N
induces a red shift in the absorption spectra.47,50,53,54Taking
into account that the maximum of bands I and II in acidic
aqueous solution are very close to those reported previously41

for the neutral structuresN (31 700 cm-1) andT (29 800 cm-1),
we rule outPC and suggestC (band I) andTC (band II) as the
monocations responsible for the absorption in acidic aqueous
solution. Further evidences are obtained from the similarities
in shape and position between band I and the absorption
spectrum reported in acidified acetonitrile (Figure 1b), where
C is the only monocation present in the ground state.43 Based
on these similarities and assuming (a) that the absorption from
TC is negligible at the absorption maximum ofC (the almost
coincident shape of band I with the spectrum measured in
acetonitrile supports this hypothesis) and (b) that the molar
absorption coefficient ofC does not change from acetonitrile

Figure 3. Acidity dependence of the decay timeτ2 obtained from the
global biexponential fit of the fluorescence decay of1 in H2O at 23 810
cm-1 and at 21 740 cm-1 (ν̃exc ) 31 250 cm-1) with a fixed value of
the decay timeτ1 (2.10 ns), together with the fit of eq 14 toτ2 (solid
line). The amplitudes ratioB1/B2 provided by this analysis at both
emission wavenumbers are shown in the inset together with the fit of
eq 15 to these data (solid lines).

Figure 4. Acidity dependence of the decay timeτ2 obtained from the
global biexponential fit of the fluorescence decay of1 in D2O at 25 000,
23 260, and 21 280 cm-1 (ν̃exc ) 31 250 cm-1) with a fixed value of
the decay timeτ1 (2.37 ns), together with the fit of eq 14 toτ2 (solid
line). The amplitudes ratioB1/B2 provided by this analysis at the
monitoring emission wavenumbers are shown in the inset together with
the fit of eq 15 to these data (solid lines).

TABLE 1: Acidity Constant Ka, Tautomeric Equilibrium Constant K ) [TC]/[C], and Fluorescence Quantum YieldsΦ
Obtained for the Protonated Forms of 1 in H2O and D2O Using Various Approaches

H2O D2O

absorption
spectra

fluorescence spectra
(excitation at band II)

fluorescence spectra
(excitation at band I)

absorption
spectra

fluorescence spectra
(excitation at band II)

fluorescence spectra
(excitation at band I)

pKa 3.033( 0.009 2.975( 0.012 3.127( 0.004 3.419( 0.006 3.532( 0.011 3.586( 0.007
K ∼0.16 ∼0.24
ΦTC 0.31 0.34 0.36 0.29
ΦZ 0.38 0.65

A ) cnAn + cpAp (1)

cn )
Ka

Ka + [H+]
(2)

cp )
[H+]

Ka + [H+]
(3)
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to water, the lactim-lactam tautomeric equilibrium constantK
) [TC]/[C] is estimated to be∼0.16 in H2O and∼0.24 in D2O.

To sum up,1 exists in acidic aqueous solution as two
protomeric forms in equilibrium, the lactim cationC and the
lactam cationTC, the latter not detected in acetonitrile.43 This
behavior is consistent with the general trend observed for other
hydroxypryridines, the more polar lactam tautomer being
favored by increasing the polarity and the hydrogen-bond
donating ability of the solvent.55

2. Interpretation of the Fluorescence Spectra and Life-
times of 1 in Acidic Aqueous Solution under Selective
Excitation of the Lactam Cation TC at Absorption Band
II: Emission from TC*. Selective excitation of the neutral
lactam tautomerT at wavenumbers below 29 000 cm-1 in
aqueous solution of pH∼5.00 led to its own fluorescence, with
a maximum at 24 440 cm-1.41 As the pH decreases,T
protonates at the benzimidazole N(3) to give the lactam cation
TC, which was the only species contributing to the absorption
band II at pHc values below∼2.00. At this pHc, upon excitation
of TC, a fluorescence band with maximum at∼24 000 cm-1

in water (Figure 2a) and D2O was detected. This fluorescence
emission overlaps the absorption band II and therefore must be
due toTC* . The fluorescence decay ofTC* was monoexpo-
nential with a lifetime of 2.10 ns in water and 2.37 ns in D2O.
These values did not depend on acidity, indicating thatTC*
does not undergo any pH-dependent excited-state process. The
changes observed in the fluorescence spectra on going from
neutral to acidic conditions can be completely justified by the
pH dependence of the ground-state concentrations of both
emitting speciesT* andTC* . Assuming a linear dependence
of the fluorescence intensity with the absorbance (A < 0.08 at
the excitation wavenumber employed), the [H+] dependence of
the fluorescence spectra under excitation at 28 570 cm-1 is easily
deduced, leading to eqs 4-6.

In these equations,F represents any experimental fluorescence
spectrum like those shown in Figure 2a,FT and FTC are the
pure fluorescence spectra ofT* andTC*, and cT andcTC are
the coefficients which represent the contributions ofT* and
TC* to the experimental spectra at each pH. The application
of principal component analysis to a series of 24 fluorescence
spectra (some of them plotted in Figure 2a) showed that two
independent components are needed to reproduce the experi-
mental spectra. Furthermore, principal component global analy-
sis allows us to calculate the pure fluorescence spectra ofT*
andTC* (Figure 5) and their contributions to the experimental
spectra at each acidity,cT andcTC (see inset in Figure 5). The
spectrum ofT* matches that obtained at neutral pH (square
symbols in Figure 5).41 We obtained from the fit the pKa values
in H2O and D2O shown in Table 1, in good agreement with
those previously obtained from the absorption data. Finally, from
the absorbance values ofT andTC in water atν̃exc ) 28 570
cm-1, and knowing the areas of the pure fluorescence spectra
of T* andTC* (Figure 5), the ratioΦTC/ΦT was calculated to
be 4.78 in water. Taking into account thatΦT ) 0.065,41 ΦTC

is estimated to be 0.31 in this solvent. An analogous procedure
led to ΦTC ) 0.36 in D2O.

3. Interpretation of the Fluorescence Spectra of 1 in Acidic
Aqueous Solution under Selective Excitation of the Lactim
Cation C at Absorption Band I: Emission from the Lactam
Cation TC* and the Zwitterion Z*. The behavior of1 under
excitation at band I (31 250 cm-1) is more complicated than
that observed at band II. At low acidity, direct excitation ofN
andT, which are the only species present in the ground state,
leads to their own emission with a certain amount ofT* formed
from N* via a proton-transfer process from the hydroxyl group
to the pyridine nitrogen.41 At pHc ∼0.8 only the monocations
C (the major species) andTC are present in the ground state.
At the excitation wavenumber employed,C is the main
absorbing species, but the fluorescence spectrum recorded
(Figure 2b) is very similar to the band obtained under excitation
at band II. This suggests that the emitting species isTC* and
therefore the existence of aC* f TC* process. Further
information about the type of process taking place can be gained
from the fluorescence changes observed as the acidity is
increased. Thus, from pHc ∼4 to pHc ∼2, the fluorescence
emission maximum shifts to the red, but from pHc ∼2 to pHc

∼0.8 the emission band shifts to the blue and becomes very
similar to that obtained under direct excitation ofTC at band
II. This is clearly shown by the emission-wavelength dependence
of the fluorescence intensity-pHc traces as it is seen in the inset
of Figure 2b. Thus, at 24 000 cm-1 the fluorescence intensity
rises as the pHc falls, while at 20 000 cm-1 the emission intensity
increases up to pHc ∼2 and from there decreases. These
evidences together with the fact that this behavior is not
observed under excitation ofTC suggest that upon excitation,
C* undergoes an excited-state process to yield a new species,
with emission around 20 000 cm-1. The contribution of the
fluorescence from this species reaches a maximum at intermedi-
ate acidity and then is quenched by H+ to give the monocation
TC*. The quenching observed suggests a neutral structure, and
we propose here a zwitterion,Z*, resulting from the deproto-
nation ofC* at the hydroxyl group (rate constantk1, see Scheme
1). This assignment is supported by the behavior observed for

Figure 5. Pure fluorescence spectra (solid lines) of the lactam neutral
form T* and the lactam cationTC* obtained applying principal
component global analysis to a series of 24 fluorescence spectra
recorded under excitation at band II (ν̃exc ) 28 570 cm-1) in acid
aqueous solution (part of the spectra are plotted in Figure 2a). The
square symbols (0) represent the experimental fluorescence spectrum
of 1 obtained in neutral aqueous solution under excitation at 28 170
cm-1. The coefficients representing the contributions of the pure
fluorescence spectra ofT* (b) and TC* (O) to the experimental
spectrum at each pHc are plotted in the inset together with the fit of
eqs 5 and 6 to these coefficients (solid lines).

F ) cTFT + cTCFTC (4)

cT )
Ka

Ka + [H+]
(5)

cTC )
[H+]

Ka + [H+]
(6)
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similar monocations, like 2-(3′-hydroxy-2′-pyridyl)benzimida-
zolium50 and its 1-methyl derivative45 and 2-(2′-hydroxyphenyl)-
benzimidazolium,46 which upon excitation dissociate due to the
increase of acidity at the hydroxyl group. Once the zwitterion
Z* is formed, this can either emit or, if the concentration of
protons is high enough, protonate at the pyridine nitrogen with
rate constantk3, leading toTC*.

We have previously reported the formation ofTC* from C*
in binary mixtures of acetonitrile with alcohols via an alcohol-
assisted proton translocation, and here we suggest that a similar
water-assisted phototautomerizationC* f TC* could also take
place (rate constantk2 in Scheme 1). Evidences for the existence
of this process will be presented later on in this paper.

The excited-state reactions experienced byC* must be
ultrafast, as no fluorescence fromC* was detected (in aceto-
nitrile its fluorescence is strong43). We suppose therefore that
the rate constantsk1 and k2 are much greater than the
deactivation constant ofC* , which for that reason was not
included in Scheme 1. According to the above interpretation,
we propose the mechanism of Scheme 1 to explain the behavior
of 1 in acidic aqueous solution. In the next sections, more
evidences are presented to support this mechanism.

4. Interpretation of the Fluorescence Lifetimes of 1 in
Acidic Aqueous Solution under Selective Excitation of the
Lactim Cation C at Absorption Band I: C* f TC*
Phototautomerization Takes Place via Two Competitive
Routes.From the mechanism of Scheme 1, the time dependence
of [Z* ] and [TC* ] under selective excitation ofC at band I are
given by eqs 7 and 8. We have taken into account that at time
zero in the nanosecond time scale of our experimentsC* has
already disappeared by transformation intoZ* andTC* , which
will have initial concentrations [Z* ]0 and [TC* ]0 according to
the values of the ultrafast rate constantsk1 andk2 and the amount
of C excited.

Considering that at the monitoring emission wavenumbers
bothZ* andTC* fluoresce, their fluorescence intensities (FZ(ν̃,t)

andFTC(ν̃,t)) and the total fluorescence intensity (F(ν̃,t)) at time

t and wavenumberν̃, are related to the time-dependent
concentrations [Z* ](t) and [TC* ](t) by eqs 9-11

whereωZ(ν̃) andωTC(ν̃) are wavenumber-dependent parameters
determined by the fluorescence properties of the respective
species and instrumental factors. Integration of eqs 7 and 8 with
the above initial conditions allows the time dependence of the
total fluorescence to be easily derived (eqs 12-18).

Equation 12 predicts biexponential fluorescence decay with
a pH-dependent lifetimeτ2 and an acidity-independent lifetime
τ1. Under selective excitation ofC at band I and at acidities
where1 is completely protonated, this was indeed the behavior
observed over a wide acidity range (Figures 3 and 4). The pH-
independent lifetimeτ1 was found to have the same value as
the monoexponential decay measured whenTC is directly
excited at absorption band II.

More light about the mechanism comes from the analysis of
the amplitudes ratio as a function of the proton concentration
(insets of Figures 3 and 4). The ratioB1/B2 goes from a negative
value at high acidity to a positive value at [H+] < 0.012 mol
dm-3 ([H+] < 0.020 mol dm-3 in D2O). This behavior supports
the existence of the [H+]-dependent excited-state protonation
processZ* f TC* .

To test the ability of the model to reproduce the experimental
behavior, a global fit of eq 14 to theτ2 fluorescence lifetime
values and eq 15 to theB1/B2 amplitudes ratio data was
performed in H2O and D2O, the fit yieldingk3, kZ, kTC, k2/k1,
and σ(ν̃) (Table 2). The goodness of the fit (see the fitted
functions represented as solid lines in Figures 3 and 4) supports
the mechanism of Scheme 1. The values obtained for the
protonation rate constant ofZ* to give TC* (k3) correspond,
as expected, to a diffusion-controlled limit. The ratiok2/k1

provides information about a crucial aspect of the proposed
mechanism, that is, the relative efficiency of the two competing
phototautomerization processes undergone byC* . Both in H2O
and D2O, the ratiok2/k1 is close to unity, this meaning that
deprotonation ofC* to give Z* occurs at about the same rate
than the water-assisted proton translocation ofC* to yieldTC* .

SCHEME 1: Excitation and Deactivation of 1 in Acidic
Aqueous Solution

-
d[Z*]

dt
) (kZ + k3[H

+])[Z*] (7)

-
d[TC*]

dt
) kTC[TC*] - k3[H

+][Z*] (8)

FZ(ν̃,t) ) ωZ(ν̃)[Z*] (t) (9)

FTC(ν̃,t) ) ωTC(ν̃)[TC*] (t) (10)

F(ν̃,t) ) FZ(ν̃,t) + FTC(ν̃,t) (11)

F(ν̃,t) ) B1(ν̃) exp(-t/τ1) + B2(ν̃) exp(-t/τ2) (12)

τ1
-1 ) kTC (13)

τ2
-1 ) kZ + k3[H

+] (14)

B1(ν̃)

B2(ν̃)
)

η - (1 + η)γ[H+]

σ(ν̃) + (1 - σ(ν̃))γ[H+]
(15)

γ )
k3

kTC - kZ
(16)

η )
[TC*] 0

[Z*] 0

)
k2

k1
(17)

σ(ν̃) )
ωZ(ν̃)

ωTC(ν̃)
(18)
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5. Principal Component Global Analysis of the Fluores-
cence Spectra of 1 under Selective Excitation of the Lactim
Cation C at Absorption Band I: Fluorescence Spectrum of
the Zwitterion Z*. To further confirm the proposed mechanism
and obtain more information on the system, we applied principal
component analysis to a series of 28 fluorescence spectra
recorded in water (representative spectra plotted in Figure 2b)
over the pHc range 4.03-0.75 under excitation at band I (31 250
cm-1). The analysis showed that three independent spectral
components are needed to reproduce all the experimental spectra
at the different acidities. Principal component global analysis
with model functions derived from the proposed mechanism
allowed us to obtain reliable estimations of the model parameters
and the component spectra. According to our model, in the

working acidity range the emissive species areN* , T* , Z* , and
TC* , the last two formed through excitation ofC, as it is the
only cation absorbing significantly at the exciting wavenumber.
Any fluorescence emission spectraF from the series can then
be written as a linear combination of the spectra of the emissive
species (eq 19).

In this equation,FN, FT, FZ, andFTC represent the fluores-
cence spectra that would be obtained in the working conditions
if each absorbed photon formed an excited molecule of the
respective species, and the coefficientsc represent the contribu-
tion of each spectrum to the experimental spectrum. As the
acidity dependence of the steady-state concentrations of the
neutral formsN* andT* is the same,41 both species will always
be in a fixed proportion at the exciting wavenumber at any
acidity, and therefore eq 19 can be simplified to eq 20, where
cNTFNT ) cNFN + cTFT represents the combined fluorescence
spectrum of the neutral forms in the working conditions.

Taking into account the acidity dependence of the steady-
state concentration of the respective excited species, eq 21 can
be easily deduced from the mechanism (see the Supporting
Information).

The three independent spectral components of the series of
fluorescence spectraF at different acidities found by principal
component analysis,F1, F2, andF3, are interpreted by our model
as the three spectra whose coefficients have a different acidity
dependence: (1)F1 ) FNT, the combined fluorescence spectrum
of the neutral forms at the working excitation wavenumber, with
coefficient cNT representing the acidity dependence of the
ground-state concentration of the neutral formsN and T; (2)
F2 ) (1-â)FZ + âFTC, the combined spectrum of the zwitterion

TABLE 2: Rate Constants and Parameters Obtained from the Global Fit of Eq 14 to theτ2 Fluorescence Lifetimes Values and
Eq 15 to the B1/B2 Amplitudes Ratio Values at Various Emission Wavenumbers of Compound 1 in H2O and D2O at ν̃exc )
31 250 cm-1 (Figures 3 and 4)

H2O D2O

k3/109 mol-1 dm3 s-1 10.37( 0.14 6.00( 0.10
kZ/109 s-1 0.1906( 0.0019 0.1402( 0.0016
kTC/109 s-1 0.475( 0.003 0.422( 0.003
k2/k1 0.88( 0.02 1.00( 0.02
σ(ν̃) ) ωZ(ν̃)/ωTC(ν̃) 0.232( 0.009 0.78( 0.03 0.112( 0.005 0.334( 0.015 0.96( 0.06

(23 810 cm-1) (21 740 cm-1) (25 000 cm-1) (23 260 cm-1) (21 280 cm-1)

Figure 6. Results of the principal component global analysis of the
fluorescence spectra of1 in acid solutions recorded under excitation at
band I (31 250 cm-1) in (a) H2O (series of 28 original spectra plotted
in part in Figure 2b) and (b) D2O. Shown here (solid lines) are the
component spectra obtained, corresponding to the neutral formsN*
andT* (FNT), the zwitterionZ* (FZ), and the lactam cationTC* (FTC).
The experimental spectrum of1 (OOO) obtained in neutral solutions
of H2O and D2O at ν̃exc ) 31 250 cm-1 and the component spectrum
corresponding toTC* (000) obtained from principal component global
analysis of the fluorescence spectra recorded under excitation at band
II ( ν̃exc ) 28 570 cm-1, see Figure 5 for H2O) are also given here for
comparison, normalized at the maximum intensity with those obtained
in the present analysis. We used for these analyses the ratiok2/(k1+k2)
) 0.468 in H2O and 0.500 in D2O provided from the time-resolved
fluorescence results.

F ) cNFN + cTFT + cZFZ + cTCFTC (19)

F ) cNTFNT + cZFZ + cTCFTC (20)

F ) cNTFNT + c2((1 - â)FZ + âFTC) + c3FTC (21)

cNT )
Ka

Ka + [H+]
(22)

c2 )
[H+]

(1 + R[H+])(Ka + [H+])
(23)

c3 )
R[H+]2

(1 + R[H+])(Ka + [H+])
(24)

R )
k3

kZ
(25)

â )
k2

k1 + k2
(26)
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Z and the lactam cationTC, with coefficientc2 representing
the direct formation ofZ* andTC* from C* (rate constantsk1

and k2); and (3)F3 ) FTC, the pure spectrum of the lactam
cation, with coefficientc3 representing the formation ofTC*
from C* through the zwitterionZ* . The results of the principal
component global analysis are shown in the Supporting Infor-
mation.

From the global analysis described, the spectrum of the
zwitterion Z* cannot be found unless the value ofâ is known
(it can also not be directly measured, as it is always accompanied
by that ofTC* ). The time-resolved fluorescence data analysis
described in the previous section provided the value of the
quotientk2/k1 (Table 2), this leading toâ ) 0.468 in H2O and
0.500 in D2O. If principal component global analysis is again
performed to the series of 28 emission spectra (part of them
plotted in Figure 2b) with the set of eqs 20-24 and the above
calculated value ofâ, the pure spectrum ofZ* and the
coefficientscNT, cZ ) c2(1 - â) andcTC ) c2â + c3, can be
obtained. Principal component global analysis performed in this
way yielded, in H2O and D2O, the component spectra shown
in Figure 6 and the coefficientscNT, cZ, andcTC of Figure 7. It
is seen that as the pHc decreases,cZ andcTC initially increase
andcNT decreases due to ground-state protonation of the neutral
forms to yield monocationsC and TC. From pHc ∼2.5, cZ

decreases andcTC further increases due to the protonation of
Z* which yieldsTC* . The quality of the fit can be appreciated
in Figure 8, which shows the good agreement between the
experimental fluorescence emission spectra of1 in water at
various acidities and the spectra calculated as linear combination

of the contributions ofFNT, FZ, andFTC also shown in the figure.
Similar results were obtained at all measured acidities in H2O
and D2O.

A strong validation of the spectral decomposition performed
comes from the comparison (Figure 6) of the component
spectrumFTC with the spectrum of the same species obtained
under direct excitation ofTC in absorption band II, showing
perfect agreement between the two spectra. Also, the good
coincidence of the spectra of the neutral formsN* andT* (FNT)
with the experimental spectra measured in neutral solutions at
the same excitation wavenumber (Figure 6) supports the validity
of the interpretation of the component spectra.

The principal component global analysis performed yielded
pKa values in good agreement with those previously obtained
(Table 1), andk3/kZ ) 57.3( 1.2 mol dm-3 in H2O and 39.7
( 1.0 mol dm-3 in D2O. These values are in keeping with those
obtained from the analysis of the fluorescence lifetimes shown
in Table 2 (k3/kZ ) 54.4 ( 0.9 mol dm-3 in H2O and 42.8(
0.9 mol dm-3 in D2O), which brings support to the proposed
model.

The good coincidence of the pKa values obtained from the
analysis of fluorescence and absorption spectra (Table 1)
confirms that the neutral formsN and T do not protonate in
the excited state and only disappear by ground-state protonation.
This is an expected result, as the low proton concentration in
the mild-acid to neutral media whereN andT exist (pH> 2)
makes the diffusion-controlled protonation process at least 10
times slower than the deactivation rate of species with∼1 ns
lifetime.41

Figure 7. Principal component global analysis of the fluorescence
spectra of1 in acid solutions recorded under excitation at band I (31 250
cm-1) in (a) H2O (series of 28 original spectra plotted in part in Figure
2b) and (b) D2O. Shown here are the coefficients (unfilled symbols)
representing the pH-dependent contributions of the component spectra
(displayed in Figure 6) of the neutral formsN* and T* (cNT), the
zwitterion Z* (cZ), and the lactam cationTC* (cTC). The solid lines
represent the fit of the equations derived from the proposed model to
these data. We used for these analyses the ratiok2/(k1+k2) ) 0.468 in
H2O and 0.500 in D2O provided from the time-resolved fluorescence
results.

Figure 8. Experimental (solid line) and calculated (OOO) fluorescence
spectra of1 in aqueous solution at various acidities, together with the
residual differences. The calculated spectra were obtained by principal
component global analysis of a series of 28 spectra (plotted in part in
Figure 2b) as linear combination of the component spectraFNT, FZ,
andFTC, whose specific contributions at the working acidities are also
shown.ν̃exc ) 31 250 cm-1. [1] ) 3 × 10-6 mol dm-3.
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From the areas of the pure spectraFZ, FTC, and FNT, and
knowing that in neutral aqueous solution under excitation at
absorption band I the fluorescence quantum yield takes a value
Φ ) 0.074,41 the fluorescence quantum yields ofZ* andTC*
have been calculated (Table 1). As can be seen, the value of
ΦTC is in keeping with that obtained previously under excitation
at band II. The spectral decomposition performed allowed to
obtain in this way the fluorescence spectrum and quantum yield
of the speciesZ* , which cannot be independently measured.

The results of the principal component global analysis of the
steady-state fluorescence can be further compared with the
results obtained from the analysis of the time-resolved fluores-
cence data. The ratio between the fluorescence intensities of
the pure spectra ofTC* andZ* at any emission wavenumber
{FTC(ν̃)/FZ(ν̃)} may be written as

The right-hand side of eq 27 can be calculated from the
parameters provided by the analysis of the acidity dependence
of the amplitudes ratioB1/B2 at the emission wavenumbers
employed in the time-resolved fluorescence measurements
(Table 2). The left-hand side of this equation can be directly
evaluated at anyν̃ from the fluorescence intensity of pure spectra
of TC* and Z* (Figure 6) at that emission wavenumber. To
compare both results, the evaluation of{FTC(ν̃)/FZ(ν̃)} was
performed at the emission wavenumbers employed in the time-
resolved fluorescence measurements integrating an interval of
11 nm (spectral bandwidth of the emission monochromator for
the time-resolved fluorescence data). The results of both
calculations are compiled in Table 3. It is observed that for both
H2O and D2O the values obtained from steady-state and time-
resolved fluorescence data are very similar.

6. Hypothesis about Rotational Isomerism of the Lactim
Cation. The lactim cationC* fluoresces strongly in acetoni-
trile,43 but in water no fluorescence from this species could be
detected. Our results show that this is due to the very fast
disappearing ofC* by two competing processes, the deproto-
nation ofC* to giveZ* (rate constantk1) and the water-assisted
phototautomerizationC* f TC* (rate constantk2). From the
analysis of fluorescence lifetimes of1 in acidic aqueous solution,
we infer that the decay time ofC* must be at least shorter than
the time resolution of our single-photon counting equipment
(0.1 ns), and therefore the rate constantsk1 and k2 must be
greater than 1× 1010 s-1. The existence of these ultrafast
competing processes could be due to rotational isomerism
involving the hydroxyl group of the lactim cation. We can
envisage two types of rotameric structures, the syn rotamers
Csyn

/ , with the OH group in close proximity to the pyridine N,
and the anti rotamersCanti

/ , with the OH group at a long
distance from the N (see Scheme 2). The proximity of the OH
group and the pyridine N in the syn rotamers will probably
facilitate the proton translocation to giveTC* , while this process
will be much slower for the anti rotamers due to the long

distance OH‚‚‚N. The proton transfer to the solvent will thus
be the faster process for the anti rotamers, due to the enhanced
acidity of the hydroxyl group in the excited state (Scheme 2).

If the rate of internal rotation of the hydroxyl group (not free
due to hydrogen bonding to solvent) is slower than the proton-
transfer processes, no interconversion between the syn and anti
rotamers will occur in the excited state. If the syn rotamer
exclusively leads toTC* and the anti rotamer exclusively to
Z* , the rate constants ratiok2/k1 will depend only on the syn/
anti concentration ratio in the ground state. If this is true, the
values around 1 ofk2/k1 in H2O (0.88) and D2O (1.00) will
indicate the existence of approximately equal amounts of both
rotamers in the ground state in both solvents. The type of
spectral measurements performed does not allow us to prove
this hypothesis.

Finally, we would like to comment on the protonation process
Z* f TC* . In Scheme 1, we propose a direct process, that is,
protonation at the pyridine nitrogen. Nevertheless, it could also
be possible that the protonation takes place at the oxygen atom.
If the protonation leads to the syn rotamerCsyn

/ , it will
immediately tautomerize toTC* , according to the above
hypothesis. This process would be indistinguishable by our
measurements from the direct protonation at the pyridine
nitrogen.

Conclusions

In this article we have studied the ground- and excited-state
behavior of 2-(6′-hydroxy-2′-pyridyl)benzimidazolium in H2O
and D2O. We have found that this compound shows in the
ground state a tautomeric equilibrium between the lactim form
C, protonated at the benzimidazole N(3), and its lactam tautomer
TC, obtained by proton translocation from the hydroxyl group
to the pyridine nitrogen. The tautomeric equilibrium constant
K ) [TC]/[C] takes approximately the same value in H2O
(∼0.16) and D2O (∼0.24). This feature is remarkably different
from that observed in aprotic solvents such as acetonitrile, where

TABLE 3: Ratio between the Fluorescence Intensity of TC* and Z* at Various Emission Wavenumbers, FTC(ν̃)/FZ(ν̃), Obtained
from Both Steady-State (SS)a and Time-Resolved (TR)b Fluorescence Data of 1 in H2O and D2O Acid Solutions

H2O D2O

23 810 cm-1 21 740 cm-1 25 000 cm-1 23 260 cm-1 21 280 cm-1

FTC(ν̃)/FZ(ν̃) 1.79 (SS) 0.66 (SS) 2.85 (SS) 0.80 (SS) 0.35 (SS)
1.73 (TR) 0.51 (TR) 2.97 (TR) 0.99 (TR) 0.35 (TR)

a Calculated from the pure fluorescence spectra ofTC* andZ* obtained from principal component global analysis (Figure 6).b Obtained from
eq 27 with the parameters provided by the time-resolved fluorescence data analysis (Table 2).

FTC(ν̃)

FZ(ν̃)
) (ωTC(ν̃)

ωZ(ν̃)
)k2

k1

kZ

kTC
(27)

SCHEME 2: Hypothesis about the Rotational Isomerism
of the Lactim Cation and Its Influence on the Proton-
Transfer Processes
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we have previously reported thatC is the only species detected
in the ground state.

We have also demonstrated that both cationic species follow
very different excited-state deactivation patterns. Whilst the
lactam tautomerTC* is deactivated via fluorescence emission
and nonradiative pathways, the presence in the lactim cation
C* of a hydroxyl group with enhanced acidity in the excited-
state allows two competitive processes to occur: (a) water-
assisted proton translocation to giveTC* and (b) dissociation
at the hydroxyl group to yield an emissive zwitterionic species
Z*, which can further evolve toTC* by acid-catalyzed
protonation. By combination of steady-state and time-resolved
fluorescence data, together with principal component global
analysis, we have been able to clarify the mechanistic details
of both processes and the rate constants involved. The disap-
pearance ofC* in water is so fast that its fluorescence could
not be detected. The competitive processes of proton transfer
to the solventC* f Z* and water-assisted proton translocation
C* f TC* take place at about the same rate, both in H2O and
D2O. We hypothesize that this fact is possibly due to the
existence of rotational isomerism involving the hydroxyl group
of the lactim cation. The syn rotamer, with the OH group in
close proximity to the pyridine N, would lead easily to the
lactam form with the assistance of a water molecule, while the
anti rotamer, with the OH group at a long distance of the N,
would faster dissociate, leading to the zwitterionZ* . The
fluorescence spectrum, lifetime, and quantum yield of the
zwitterion (protonated at the benzimidazole N(3) and deproto-
nated at the hydroxyl group) have been determined.
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