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Abstract The singlet excited state pyridinic deprotonation
of the 9-methyl-9H-pyrido[3,4-b]indole, MBC, cations has
been studied in aqueous NaOH solutions by absorption,
steady state and time resolved fluorescence measurements.
This excited state reaction proceeds through a stepwise
mechanism involving different ground and excited state
hydrogen bonded MBC-(water)n complexes. Thus, in
aqueous NaOH solutions of MBC above pH 8, two ground
state hydrogen bonded MBC-water adducts, namely PC and
PTC, coexist in equilibrium. Upon excitation, the PC
behaves as an independent fluorophore, whereas the PTC
reacts with water molecules during its excited state lifetime
to give the intermediate CL*. This exciplex is the precursor
of the excited state cation, C*. In almost all the pH range,
C* is practically the only existing species in the singlet
excited state of MBC. In concentrated NaOH solutions
beyond the pH range, C* deprotonates giving CL* and
PTC* species.
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Introduction

Photoacids/photobases are light-absorbing molecules that
are more acid/basic in the excited than in the ground state.
Therefore, after optical excitation, these molecules interact
with the solvent, or other solutes, donating or accepting a

proton, respectively. Because of its fundamental importance
in chemistry and biology, these excited state proton transfer,
ESPT, reactions have been thoroughly studied for many
years [1–5]. In particular, due to the peculiar nature of
water, the ESPT reactions in aqueous media are exceeding-
ly complex [6–8]. Indeed, many molecular details regarding
the dynamics and mechanism of the apparently simple
water assisted ESPT reactions remain yet elusive.

Betacarbolines or pyrido-indoles, a class of naturally
occurring alkaloids [9–11], constitute excellent prototypes
of photobases. Thus, upon excitation, the pyridinic nitrogen
atom of the betacarbolines becomes 6–7 pKa units more
basic than in the ground state [12]. During the last years we
have thoroughly studied the ESPT reactions of 9-methyl-
9H-pyrido[3,4-b]indole, MBC, and its 1-methyl derivative
with alcohols in low polar aprotic solvents [13–17]. These
studies revealed the stepwise nature of these proton transfer
processes. The sequential formation of different MBC-
(alcohol)n hydrogen bonded adducts and exciplexes mod-
ulates the gradual transfer of the proton from the donor to
the acceptor.

More recently, we have demonstrated that a similar
stepwise mechanism also operates in the water assisted
ground and singlet excited state pyridinic protonation of
MBC in water-N,N-dimethylformamide (DMF) mixtures
[18]. Thus, as depicted in Scheme 1, upon increasing the
water proportion of the water-DMF mixtures, a hydrogen
bonded complex, HBC, its proton transfer tautomer, PTC, a
pre-cationic complex, PC, and the pyridinic protonated
cation, C, are sequentially formed in the ground state. The
HBC and the PC behave as independent fluorophores in the
excited state. Conversely, the PTC* reacts during its excited
state lifetime with additional water molecules to give the
intermediate CL*. This exciplex is the precursor of the
excited state cation, C*. Therefore, C* can be formed
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trough two parallel pathways: the direct excitation of
ground state cations C and the excited state reaction of
the PTC. The tentative structures of the ground and excited
state hydrogen bonded MBC-(water)n complexes involved
in the MBC protonation mechanism are depicted in
Scheme 2.

Our results on the water assisted ground and excited
state pyridinic protonation of the MBC in water-DMF
mixtures notably differ from those previously reported by
other authors for the ESPT reactions of betacarbolines in
aqueous solutions [19–22]. Concretely, these authors
proposed that the betacarboline ESPT reactions in bulk
water take place directly, in one single step, without the
mediation of any type of adduct or exciplex. This
discrepancy can be justified if we consider that these
authors ignored the complexity of the betacarboline-
water hydrogen bonding interactions. Indeed, without
this information, it is really difficult to experimentally
infer that in bulk water co-exist different betacarboline-
(water)n complexes. Therefore, this fault possibly distorted
the results and conclusions obtained in the previous studies
on proton transfer reactions of the betacarbolines in aqueous
media.

To check this hypothesis, we have studied the ESPT
reaction of MBC in bulk water bearing in mind the
results of our previous study on the MBC protonation in
water-DMF mixtures. Because of its strong photobasicity,
excited MBC molecules rapidly protonate in aqueous
media. Thus, C* are practically the only excited state
species existing in the MBC aqueous solutions within the
pH range. The extremely fast nature of this ESPT
process, in the pico- or femtosecond scale of time,
makes very difficult its experimental study. Conversely,
the relatively slow deprotonation reaction of the C*
species results much more appropriate for its study by
conventional spectroscopic techniques. Moreover, the
study of the C* deprotonation process can provide

basically the same information for our purpose, than that
of the reverse protonation process. For this reason, in
this paper we will study the excited state deprotonation
of the MBC cations in NaOH aqueous solutions. The
main goal of this study is to verify if, as in the water-
DMF mixtures, this ESPT reaction in bulk water also
accomplishes a stepwise mechanism similar to that
depicted in Scheme 1.

Experimental

The MBC sample, the instruments and the methods used to
carry out the spectroscopic measurements were basically
the same as in the preceding paper [18]. Doubly distilled
water was used thoroughly. The pHs of the diluted NaOH
aqueous solutions were measured with a Radiometer
Copenhagen PMH80 pH-meter and a Teknokroma Single
Pore Glass P/N 238160 electrode of very low alkaline error.
Solutions for spectroscopic measurements were freshly
prepared and kept in the dark to avoid photodecomposition.
Because the quenching by molecular oxygen was checked
to be negligible, the measurements were carried out with
non-degassed solutions under temperature-controlled con-
ditions, 25.0±0.1 °C.

The UV-vis absorption spectra were recorded on a Cary
100 spectrophotometer and stationary fluorescence meas-
urements in a Hitachi F-2500 spectrofluorometer using
Spectrosil quartz cells of 1 cm path length. Dilute solutions
of MBC (≈10−5 M) were used to avoid inner filter effects
and re-absorption phenomena. The Peak Fit© Jandel
Scientific Program was used to deconvolute the fluores-
cence spectra of MBC into their individual components.
The emission bands were fitted to the logistic asymmetric
function:

y ¼ a0 1þ expXð Þ� a3þ1ð Þa�a3
3 a3 þ 1ð Þ a3þ1ð ÞexpX ð1Þ
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Scheme 1 Ground and excited
state mechanisms of the water
assisted MBC pyridinic
protonation in water-DMF
mixtures
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with

X ¼ � xþ a2 ln a3 � a1ð Þ
a2

ð2Þ

The amplitudes, a0, centres, a1, widths, a2, and shapes, a3
of the convoluted bands were optimised with the Marquardt
algorithm. The goodness of the fits was judged by the
correlation coefficient and the visual inspection of the
residuals.

The excitation spectra were recorded in a Perkin-Elmer
spectrofluorometer 650–40 equipped with a data processor
650–0178. The spectra were corrected by measuring the
instrumental response on the excitation side (rhodamine B)
and on the emission side (cell diffuser). The time-resolved
fluorescence measurements were performed with the time-

correlated single photon counting FL900CD and Mini-τ
spectrofluorimeters of Edinburgh Analytical Instruments.
These instruments used as the excitation sources a
hydrogen flash lamp and a picosecond laser diode,
respectively. The fluorescence decay curves were acquired
to (1–2) 104 counts in the peak and were fitted, by re-
convolution analysis with the instrumental response func-
tion, to a sum of exponential functions with amplitudes, αi,
and lifetimes, τi.

IðtÞ ¼ Σaiexp �t=t ið Þ ð3Þ

The quality of the fits was analysed by the randomness
of the residuals and the reduced chi-squares (χ2). Global
analyses of the fluorescence decays were performed using
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the standard program Level 2 based on the tried and tested
Marquardt-Levenberg algorithm, supplied by Edinburgh
Analytical Instruments.

Results and discussion

The influence of the pH in the absorption spectra of MBC
is depicted in Fig. 1. In the NaOH aqueous solutions above
pH 8, the MBC absorption spectrum shows the structured
band at long wavelengths with maxima at 348 nm and
362 nm, typical of the neutral MBC species. This spectrum
does not practically change as the NaOH concentration of
the aqueous MBC solutions increases up to 2 M, Fig. 2.
Conversely, upon acidification, the intensity of this band
diminishes and, concomitantly, the broad red shifted band
around 390 nm, typical of the MBC cations, grows up.

Since these spectral changes present an isosbestic point
at 368 nm, we assumed that, in these media, C and N
species coexist in equilibrium in the MBC ground state.
The ground state pKa obtained from these spectrophoto-
metric data for the MBC pyridinic cation was 6.91±0.05.
This pKa value is entirely similar to that obtained for the
non-methylated betacarboline, 6.85±0.03 [12]. Therefore,
the methylation of the pyrrolic nitrogen of the betacarboline
has not appreciable effect on the basicity of its pyridinic
nitrogen atom.

The fluorescence emission spectra of MBC in NaOH
aqueous solutions of different pHs are reported in Fig. 3.
Because of the strong photobasicity of the MBC, the singlet
excited state deprotonation of the MBC cations, C*, takes
place in much more basic media than in the ground state.
Indeed, C* are practically the only MBC emitting species in
almost all the 0–12 pH range. The C* emission around

455 nm can be still observed in the NaOH solutions far
beyond this pH range. As expected, the corrected excitation
spectra of MBC in these solutions are emission wavelength
dependent, Fig. 2. Noteworthy, whereas the excitation
spectrum obtained monitoring the emission at 380 nm is
close to the absorption spectrum, that obtained monitoring
the cationic emission at 490 nm show small, but significant
differences. Thus, as Fig. 2 shows, the high-energy band in
this excitation spectrum is slightly blue shifted with respect
to that in the absorption spectrum. Moreover, this excitation
spectrum does not show the long tail at the longest
wavelengths observed in the absorption spectrum and in
the excitation spectrum monitored at 380 nm.

In the NaOH basic solutions beyond pH 12, the
quenching of the C* emission and the appearance of a
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Fig. 3 Fluorescence emission spectra of MBC (5 10−5 M) in aqueous
solutions of different pHs obtained by exciting the samples at the
isosbestic point, 368 nm, of the absorption spectra. The arrow
indicates the spectroscopic changes with the increase of the pH from
0.1 M HCl to 2 M NaOH solutions
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Fig. 2 Absorption spectra of MBC in 0.1 M (⋯) and 2 M (___) NaOH
solutions and excitation spectra of MBC in 0.1 M NaOH solution
monitored at 380 nm and 490 nm (___) emission wavelengths
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Fig. 1 Absorption spectra of MBC (1 10−3 M) in aqueous solutions of
different pHs. The arrow indicates the spectroscopic changes with the
increase of the pH from 1 to 13
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new emission band at shorter wavelengths are simulta-
neously observed in the MBC fluorescence spectra, Fig. 3.
The intensity of this new emission band increases as the
concentration of the NaOH solutions increases and it
reaches its maximum intensity in a 2 M NaOH solution.
However, contrarily to that it would be expected for a direct
C*→N* transformation, isoemissive points are not ob-
served in the fluorescence spectra even when the MBC
solutions are excited at the isosbestic point in the absorption
spectra. It must also be noted that the fluorescence spectra
of the species resulting from the MBC deprotonation have
not the vibrational structure typically observed for other
neutral betacarboline derivatives in methanol, a polar protic
solvent similar to water [23]. Therefore, these results point
out to a more complex C* deprotonation mechanism.

The time resolved measurements of the MBC fluores-
cence in these aqueous NaOH solutions provide the
definitive proof that corroborates the complexity of the C*
deprotonation mechanism. Thus, whereas for an elementary
one-step C*→N* transformation bi-exponentials decays
would be expected, in these media the MBC fluorescence
decays multi-exponentially. This result points out that the
MBC hydrogen-bonded hydrates previously observed in the
water-DMF mixtures could also play a role in the C*
deprotonation mechanism. In this case, the experimental
fluorescence spectra of MBC in NaOH solutions should be
composite of the different emissions of the water-MBC
adducts depicted in Schemes 1 and 2.

To check this hypothesis we probed to reproduce the
experimental MBC emission spectra in the aqueous
NaOH solutions by re-convoluting the typical emission
spectra of the PTC*, PC*, CL* and C* species
previously observed in the water-DMF mixtures [18].
The HBC species were not used for the re-convolutions
since, as the results of the water-DMF system suggest, in
bulk water these species would be completely converted
into its PTC tautomer.

This spectral analysis plentifully confirmed our predic-
tions. Thus, as Fig. 4 typically shows, the MBC emission
spectra in the aqueous NaOH solutions could be nicely
reproduced by this re-convolution procedure. The re-
convolution analysis also showed that, as expected, the
relative contributions of the different water-MBC adducts to
the fluorescence spectra, measured as the areas under their
de-convolved emission bands, vary with the NaOH con-
centration Thus, as Fig. 5 shows, upon increasing the
NaOH concentration the PTC*, PC* and CL* contributions
smoothly increase, whereas that of C* progressively
diminishes becoming practically zero in the concentrated
NaOH solutions.

Therefore, to account for the pyridinic deprotonation of
the excited state MBC cations, the general mechanism in
Scheme 1 can be modified as depicted in Scheme 3.

According to this mechanism, two different ground state
MBC species are present in the aqueous NaOH solutions:
the PTC and the PC hydrogen bonded adducts. The perusal
of the spectra in Fig. 2 indicates that these species possess
very close absorption spectra. The more prominent differ-
ence between the PTC and PC absorption spectra is a weak
absorption tail at the long wavelengths in the PC spectrum.
Thus, this spectral feature is absent in the excitation
spectrum obtained by selectively monitoring the C*
emission at 490 nm. At this point, it must be recalled that,
according to the proposed mechanism, this spectrum
corresponds to the absorption spectrum of the PTC, i. e.
the ground state precursor of C*. Conversely, the absorp-
tion tail can be observed in the MBC excitation spectrum
monitored at 380 nm, where both the PTC and the PC emit.
Therefore, these results conclusively show that the weak
tail observed at the long wavelengths in the absorption
spectrum of the MBC aqueous NaOH solutions is due to
the PC absorption. This weak absorption tail in the PC
absorption spectrum possibly envelops a charge transfer
band. In fact, this spectral feature is typical of certain
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Fig. 4 Comparison of the experimental MBC emission spectra, λexc=
325 nm, in 0.05 M (a) and 2 M (b) NaOH solutions (dash lines) with
those reconstructed (dotted lines) by re-convoluting the PTC* (—),
PC* , CL* and C* emission spectra

J Fluoresc (2010) 20:163–170 167



betacarboline derivatives where internal charge transfer
processes play an important role [24–26].

Turning now to the dynamics of the MBC excited state,
the mechanism in Scheme 3 implies that, in addition to the
kinetically uncoupled PC*, there are three kinetically
coupled species in the excited state, namely PTC*, CL*
and C*. In general, this should lead to tetra-exponential
decays that become tri-exponential at the long wavelength
emissions where the PC* does not emit. Under these
experimental conditions, the time evolution of the three-
coupled species is given by the third order equation:

d=dt

PTC*

CL*

C*

2
64

3
75 ¼

�X k�1 0

k1 �Y k�2 OH�½ �
0 k2 �Z
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ð4Þ

with

X ¼ k1 þ 1=tPTC ð5Þ

Y ¼ k�1 þ k2 þ 1=tCL ð6Þ

Z ¼ k�2 OH
�½ � þ 1=tC ð7Þ

Equation 4 predicts tri-exponential time-dependent func-
tions for the three species PTC*, CL* and C*, whose reciprocal
decay times, λi, are the roots of the third order equation:

l1 � X k�1 0
k1 l2 � Y k�2 OH�½ �
0 k2 l3 � Z

2
4

3
5 ¼ 0 ð8Þ

where k1 and k2 are the pseudo unimolecular rate constants of
the water assisted formation of CL* and C*, respectively.

The resolution of Eq. 8 can be considerably simplified
under certain limit conditions. Thus, at very low NaOH
concentrations (k1 and k2 >> k−1 and k−2[OH

−]) the roots of
Eq. 8 can be approximated as:

l1 ¼ 1=t1 ¼ X ¼ k1 þ 1=tPTC ð9Þ

l2 ¼ 1=t2 ¼ Y � k2 þ 1=tCL ð10Þ

l3 ¼ 1=t3 ¼ Z ¼ k�2 OH
�½ � þ 1=tC ð11Þ

As it is well known, the resolution of multiexponential
decays becomes more difficult as the number of decay
times increases [27]. Thus, because of the correlation
among the parameters of the fit, the actual uncertainties
in the recovered lifetimes are usually very large. The
problem is even greater when the decay times have
disparate contributions to the emission signal. In such
cases, the global analysis of a set of experimentally
related decays substantially improves the resolution of
the lifetimes. Therefore, to check the validity of the
theoretical predictions, we probed to globally fit the
experimental decay data, obtained under the aforemen-

Table 1 The τ3 lifetimes and their pre-exponential factors (in
brackets) extracted from the three-exponential global fit #2g ¼ 1:291

� �

of the MBC fluorescence decays at 454 nm in diluted NaOH solutions
(λexc=348 nm) performed linking the τ1 and τ2 lifetimes

[NaOH]/M τ3/ ns χ2

0.0030 23.14±0.03 (0.140) 1.218

0.0126 22.60±0.06 (0.133) 1.148

0.0234 22.01±0.05 (0.125) 1.020

0.0525 20.14±0.06 (0.109) 1.203

0.0794 19.08±0.04 (0.113) 1.183Scheme 3 Pyridinic deprotonation mechanism of the excited state
MBC cations in NaOH solutions
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tioned experimental conditions, to a tri-exponential
function with two linked life times, τ1 and τ2, and a
third free life time, τ3.

In agreement with the theoretical predictions, the
fluorescence decays of the MBC at the long emission
wavelengths where PC* does not emit and PTC*, CL* and
C* co-exist in the excited state can be globally fitted to the
tri-exponential function predicted by the theoretical model
(χ2=1.291). The linked lifetimes τ1 and τ2 extracted from
this global fit were a rise time of 0.3±0.2 ns, almost in the
resolution limit of our single photon counting apparatus,
and a decay time of 1.1±0.2 ns. A similar rise time of 0.4±
0.2 ns was also previously observed for the MBC in the
water-DMF mixtures with more than 90% v/v of water [18].
Since at the long emission wavelengths where the decays
were obtained the PTC* does not emit, the rise time of
0.3±0.2 ns would be unambiguously assigned to τ1 and,
consequently, the decay time of 1.1±0.2 to τ2. The short
value of the rise time observed for the PTC* indicates that
the PTC*→CL* reaction very efficiently competes with the
PTC* radiative deactivation. On the other hand, the τ3
lifetimes extracted from the global fit, Table 1, were decay
times close to that of 23.61±0.02 ns measured for the MBC
excited cations in 0.1 M HCl solutions. Moreover, as Eq. 11
theoretically predicts, the reciprocals of these long decay
times linearly increase with the increasing of the NaOH
concentration, Fig. 6.

Therefore, using the τ1 and τ2 values obtained from the
global analysis of the decay data, and those of τPTC=5 ns
and τCL=14 ns obtained in the previous work [18], Eqs. 9
and 10 allowed to roughly estimate the values of k1 and k2
as 3 109 s−1 and 1 109 s−1, respectively. Similarly, using
Eq. 11, a value of (1.23±0.04) 108 M−1 s−1 can be obtained
for k−2 from the slope of the plot of λ3 against [NaOH]
shown in Fig. 6. Worthing to note, the value of 23±1 ns
obtained for τC from the intercept of this plot is in excellent
agreement with that of 23.61±0.02 ns experimentally
determined for the lifetime of the MBC cationic species in
0.1 M HCl.

In more concentrated NaOH solutions, once C* is not
present in the MBC singlet excited state, PTC* and CL*
remain kinetically coupled, while PC* behaves as an
independent fluorophore. In agreement with the predictions,
under these experimental conditions, the MBC fluorescence
decays at 396 nm, λexc=348 nm, can be globally fitted to
tri-exponential functions. As reported in Table 2, the global
fit of the decays performed by fixing the lifetime of the PC*
to 7.5 ns [18], gives a decay time component around 12–
14 ns close to that typical of the CL* exciplex, and a very
short rise time component. Unfortunately, the great errors
affecting the rise times precluded the quantitative analysis
of these results.

Conclusions

The results of the present study support our initial hypothesis
on the stepwise nature of the ESPT reactions of the
betacarbolines in bulk water. This hypothesis, contrarily to
that previously proposed by other authors, implies that in
bulk water the ESPT process of the betacarbolines are
modulated by different ground and excited state hydrogen
bonded hydrates, namely PTC, PC and CL. Thus, the
changes observed in the MBC emission spectra upon
increasing the NaOH concentration of the aqueous solutions,
can be nicely reproduced by re-convoluting the emission
spectra of the PTC*, PC*, CL* and C* species described in
a previous paper [18]. On the basis of these results, the
mechanism in Scheme 3 has been proposed for the excited
state deprotonation of the MBC cations.
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Fig. 6 Plot of λ3 against [NaOH]

Table 2 Three-exponential global fit #2g ¼ 1:271
� �

of the MBC fluorescence decays at 396 nm in concentrated NaOH solutions (λexc=348 nm)
performed fixing the PC* lifetime, τ4, to 7.5 ns [18]. The numbers in brackets are the pre-exponential factors of the decay time components

[NaOH]/M τ1/ns τ2/ns τ4=7.5ns χ2

0.5 0.2±0.1 (−0.060) 13.95±0.06 (0.072) (0.003) 1.201

1.0 0.3±0.2 (−0.053) 13.76±0.09 (0.071) (0.004) 1.190

1.5 0.4±0.2 (−0.069) 12.33±0.06 (0.072) (0.004) 1.214

2.0 0.2±0.1 (−0.064) 11.95±0.07 (0.073) (0.004) 1.290

J Fluoresc (2010) 20:163–170 169



According to this mechanism, in bulk water, three
different species can be present in the ground state of
MBC. The pyridinic protonated cation, C, and the neutral
hydrogen bonded water-MBC adducts PTC and PC. Upon
light absorption, the basicity of the MBC pyridinic nitrogen
atom strongly increases. Therefore, the singlet excited state
cations, C*, are stable in a wider range of NaOH solutions
than in the ground state. In fact, in almost all the pH range,
C* is practically the only existing species in the MBC
singlet excited state. However, in concentrated NaOH
solutions, C* deprotonates to give, as depicted in Scheme 3,
CL* and PTC* adducts.

Acknowledgements We gratefully acknowledge financial support
from the Dirección General Científica y Técnica MEC, CTQ2006-
13539 and Junta de Andalucía, 2005/FQM-368, 2007/FQM-106.

References

1. Ireland JF, Wyatt PAH (1976) Acid-base properties of electroni-
cally excited states of organic molecules. Phys Org Chem 12:131–
221

2. Kelly RN, Schulman G (1998) Proton transfer kinetics of
electronically excited acids and bases, in molecular luminescence
spectroscopy. Methods and applications: Part 2, Chap 6. Wiley, pp
461–511

3. Arnaut L, Formosinho S (1993) Excited-state proton-transfer
reactions. I Fundamentals and intermolecular reactions. J Photo-
chem Photobiol A: Chem 75:1–20

4. Waluk J (2000) Conformational aspects of intra- and intermolec-
ular excited-state proton transfer, in Conformational Analysis of
Molecules in Excited States, Chap 2. Wiley-VCH, pp 57–111

5. Marx D (2006) Proton transfer 200 years after von Grotthus:
insights from ab initio simulations. Chem Phys Chem 7(9):1848–
1870

6. Agmon N (2005) Elementary steps in excited-state proton transfer.
J Phys Chem A 109(1):13–35

7. Mohammed OF, Pines D, Dreyer J, Pines E, Nibbering ETJ
(2005) Sequential proton transfer through water bridges in acid-
base reactions. Science 310:83–86

8. Siwick BJ, Bakker HJ (2007) On the role of water in
intermolecular proton-transfer reactions. J Am Chem Soc 129
(44):13412–13420

9. Abramovitch RA, Spencer ID (1964) The carbolines. Adv
Heterocycl Chem 3(1):79–207

10. Allen JRF, Holmstedt BR (1980) The simple 3-carboline
alkaloids. Phytochem 19:1573–1982

11. Balón M, Muñoz MA, Guardado P, Hidalgo J, Carmona C (1994)
Photophysics and photochemistry of betacarbolines. Trends
Photochem and Photobiol 3(1):117–138

12. Balón M, Hidalgo J, Guardado P, Muñoz MA, Carmona C (1993)
Acid-base and spectral properties of betacarbolines. Part 2.

dehydro and fully aromatic betacarbolimes. J Chem Soc Perkin
Trans 2:99–104

13. Balón M, Carmona C, Guardado P, Muñoz MA (1998) Hydrogen-
bonding and proton transfer interactions between Harmane and
trifluoroethanol in the ground and excited singlet states. Photo-
chem Photobiol 67(4):414–419

14. Carmona C, Galán M, Angulo G, Muñoz MA, Guardado P, Balón
M (2000) Ground and singlet excited states hydrogen bonding
interactions of betacarbolines. Phys Chem Chem Phys 2
(22):5076–5083

15. Carmona C, Balón M, Galán M, Angulo G, Guardado P, Muñoz
MA (2001) Kinetic study of hydrogen bonded exciplex
formation of N9-methyl harmane. J Phys Chem A 105
(45):10334–10338

16. Carmona C, Balón M, Galán M, Guardado P, Muñoz MA (2002)
Dynamic study of excited state hydrogen-bonded complexes of
harmane in cyclohexane–toluene mixtures. Photochem Photobiol
76(3):239–246

17. Carmona C, Balón M, Sánchez Coronilla A, Muñoz MA (2004)
New insights on the excited-state proton-transfer reactions of
betacarbolines: cationic exciplex formation. J Phys Chem A
108:1910–1918

18. Sánchez Coronilla A, Carmona C, Muñoz MA, Balon M (2009)
Ground and singlet excited state pyridinic protonation of N9-
methylbetacarboline in water-N,N-dimethylformamide mixtures. J
Fluoresc. doi:10.1007/s10895-0502-y

19. Sakuros R, Ghiggino KP (1982) Excited state proton transfer in
betacarboline. J Photochem 18(1):1–8

20. Wolfbeis OV, Fürlinger E, Wintersteiger R (1982) Solvent and
pH-dependence of the absorption and fluorescence spectra of
Harman: detection of three ground state and four excited state
species. Monatsh Chem 113:509–517

21. Draxler S, Lippitsch ME (1993) Excited-state acid-base kinetics
and equilibria in norharman. J Phys Chem 99(44):11493–11496

22. Dias A, Varela AP, Miguel MG, Becker RS, Burrows HD,
Maçanita AL (1996) β-Carbolines. 2. Rate constants of proton
transfer from multiexponential decays on the lowest singlet
excited state of harmine in water as a function of pH. J Phys
Chem 100(45):17970–17977

23. Dias A, Varela AP, Miguel MG, Maçanita AL, Becker RS (1992)
β-Carboline Photosensitizers. 1. Photophysics, kinetics and
excited-state equilibria in organic solvents, and theoretical
calculations. J Phys Chem 96(25):10290–10296

24. Sánchez-Coronilla A, Carmona C, Muñoz MA, Balón M (2006)
Ground state isomerism and dual emission of the β-carboline
anhydrobase (N2-methyl-)H-pyrido[3, 4-b]indole) in aprotic sol-
vents. Chem Phys 327(1):70–76

25. Sánchez-Coronilla A, Balon M, Muñoz MA, Carmona C (2008)
Influence of hydrogen bonding in the ground and the excited states
of the isomers of the β-carboline anhydrobase (N2-methyl-9H-
pyrido[3. 4-b]indole) in aprotic solvents. Chem Phys 344(1):72–78

26. Sánchez-Coronilla A, Balon M, Muñoz MA, Hidalgo J, Carmona
C (2008) Ground state isomerism in betacarboline hydrogen bond
complexes: the charge transfer nature of its large Stokes shifted
emission. Chem Phys 351(1):27–32

27. Lakowicz JR (1999) Principles of fluorescence spectroscopy, Second
Edition, Chapter 4. Kluwer Academic/PlenumPublishers, NewYork,
pp 95–140

170 J Fluoresc (2010) 20:163–170

http://dx.doi.org/10.1007/s10895-0502-y

	Singlet Excited State Pyridinic Deprotonation of the N9-methylbetacarboline Cations in Aqueous Sodium Hydroxide Solutions
	Abstract
	Introduction
	Experimental
	Results and discussion
	Conclusions
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /SyntheticBoldness 1.000000
  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice


