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Abstract

The hydrogen bonding interactions of methylb-carboline-3-carboxylate(BCCM) in both ground and first singlet
excited electronic states have been studied in solvents with different properties in the presence of acetic acid, a
hydrogen-bonding donoryacceptor. The methyl ester substituent reduces the pyridinic nitrogen basicity of thisb-
carboline derivative. This fact has let us study the hydrogen bonding interactions in a higher range of acetic acid
concentrations than for otherb-carboline derivatives previously studied. Steady and non-steady photophysical studies
have been carried out in two non-polar solvents, benzene andp-dioxane; and in two polar solvents, acetonitrile and
dichloromethane. Six different fluorescence emissions have been isolated corresponding to the uncomplexed BCCM,
the protonated species and four different complexes between BCCM and acetic acid whose structures we have tried
to elucidate.
� 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction

Intermolecular hydrogen bonding is a site-spe-
cific interaction between a hydrogen donor and
acceptor molecules. It is central to the understand-
ing of the microscopic structure and function of
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these in many molecular systems since hydrogen
bonding is one of the most fundamental processes
involved in chemical reactions and living systems
(see, e.g. Refs.w1–6x and references therein), i.e.
it has been supposed that strong hydrogen bonds
play a dominant role in enzyme catalysisw7–9x,
and especially important are so-called ‘charge relay
chains’ which consist of a sequence of linearly
hydrogen bonded molecules with mobile protons.
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Fig. 1. Methylb-carboline-3-carboxylate(BCCM) structure.

b-Carboline alkaloids(H-pyrido w3,4-bx indol
derivatives) (hereafter, BC) have been and still
are the aim of many biological, pharmacological
and chemical studies due to their presence in many
natural compoundsw10x and to their pharmacolog-
ical activity w11–13x. They can interact with a
great number of neurotransmitters of the central
nervous systemw14–16x, binding with DNA
w17,18x and also possess photocytotoxic and anti-
viral propertiesw19–23x.
The interactions between BC and these biolog-

ical receptors are still not well known. Thus,
detailed knowledge about physical and chemical
properties of BC is necessary in order to under-
stand the biological function of these compounds
at the molecular level and the nature of the
interactions with DNA under various environmen-
tal conditions. These interactions mainly take place
through proton transfer or through the formation
of proton bridges. So, the study of the ability of
these compounds to form proton bridges with other
molecules can help us to understand these
properties.
BC derivatives present interesting and unusual

photophysical properties due to a bifunctional
hydrogen bonding character of the BC ring. This
is due to the presence in its ring of pyrrolic and
pyridinic acid and basic nitrogen atoms, respec-
tively. Furthermore, the acid–base properties of
BC are considerably modified in the first singlet
excited-state. Upon excitation, the charge density
on the nitrogen atoms of the BC ring changes,
with the pyridinic nitrogen becoming much more
basic and the pyrrolic nitrogen more acidic than in
the ground statew24–26x.
Recent works suggest the formation of different

kinds of complexes between BC and different
proton donorsyacceptors w27–31x. On the one
hand, it has been seen that the formation of these
complexes is inhibited by the cationic species
formation w32,33x, so once the pyridinic nitrogen
(N ) is protonated, the only observed fluorescence2

corresponds to the protonated species. On the other
hand, the interactions between the pyrrolic nitrogen
(N ) and hydrogen acceptors are favored in non-9

polar media or with low dielectric constantw34x.
However, the formation mechanism of these com-
plexes is still not clear.

One of our latest worksw35x on a new b-
carboline derivative, methyl-b-carboline-3-carbox-
ylate (Fig. 1), shows that the ester subsituent is
responsible for the higher acidity of this BC
derivative. Thus, we show that the pyridinic nitro-
gen N of this derivative, hereafter BCCM, is also2

more acidic(pK wN xs4.4; pK wN xs6.3) than*
a 2 a 2

the same nitrogen of BC, commonly referred as
norharmane, which does not have this ester group
(pK wN xs7.9; pK wN xs14.7) w36x. The fact*

a 2 a 2

that N is less basic in BCCM than in norharmane2

will allow us to study the hydrogen bonding
interactions for a higher range of acetic acid(AcH)
concentrations without N protonation.2

In this paper, we will report a detailed investi-
gation of the fluorescent properties of BCCM in
different solvents with a view to understanding
different aspects of excited-state intermolecular
proton-transfer. To do so, we have carried out a
systematic study of the hydrogen bonding inter-
actions of BCCM with acetic acid, a hydrogen
bonding donoryacceptor, in the presence of differ-
ent polarity solvents: dioxane, benzene, acetonitrile
and dichloromethane.

2. Materials and methods

BCCM was purchased from Sigma. The uvasol
grade solvents: glacial acetic acid(AcH) from
Riedel–deHaen, benzene, dioxane and dichloro-¨
methane from Fluka and acetonitrile from Aldrich.
All the reagents were used without further purifi-
cation and the solvents were degassed with bub-
bling nitrogen. Diluted solutions of BCCM in
mixtures of benzene,p-dioxane and acetonitrile
with a percentage in volume of AcH between 0
and 50% were used. Absorption spectra were
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Fig. 2. Absorption spectra of methylb-carboline-3-carboxylate in benzene with variable concentrations of AcH.(a) 0, 0.02, 0.04,
0.06, 0.08, 0.1, 0.5 and 1%(vyv). (b) 1, 5, 10 and 20%(vyv).

obtained using a Hewlett–Packard spectrophotom-
eter HP 8453. The steady state fluorescence spectra
were measured with a Shimazdu spectrofluorimeter
RF-5301 PC with a 3 nm bandwidth in excitation
and 1.5 nm bandwidth in emission. Fluorescence
decays were obtained using the time-correlated
single-photon-counting method(Edinburgh Ana-
lytical Instruments). The excitation source was a
hydrogen nanosecond flash lamp: repetition rates
40 kHz and excitation pulse width less than 1 ns.
Fluorescence decays were analyzed with the meth-
od of non-linear least squares iterative deconvolu-
tion and the quality of the fits was judged by the
value of the reduced chi-square(x ) and the2

autocorrelation function of the residuals.
All experiments were carried out at 258C.

3. Results

3.1. Interactions of BCCM with acetic acid in
benzene

3.1.1. Ground state
The results in benzene will be presented in two

different AcH concentration interval: 0–1%, where
the cationic species(N H ), hereafter C, is stillq

2

not present in the solution, and the interval 5–
50%, where C appears.
In the 0–1% interval, the formation of hydro-

gen-bonded complexes between BCCM and AcH
can be clearly shown by the growth of an absorp-
tion shoulder at)350 nm throughout the titration
(Fig. 2). The appearance of isosbestic points locat-
ed at 345 and 331 nm indicates the existence of
an equilibrium between two different species.
The cationic species absorption starts at approx-

imately 5% AcH and it is not possible to protonate
completely BCCM for an AcH concentration of
50%.

3.1.2. First excited state
Fig. 3 shows the fluorescence spectra as a

function of the added AcH concentration in ben-
zene. The uncomplexed BCCM shows a normal
Stokes shifted emission maxima at 349 and 365
nm of which the relaxation dynamics were well
fitted by single-exponential kinetics with a lifetime
of 2.9 ns(Table 1). Increasing the AcH concentra-
tion, excitation at 345 nm, and isosbestic point in
the 0–1% AcH interval, results in a slight change
in the shape and the maxima spectra, together with
a progressive decrease of the fluorescence intensity
at 365 nm and an increase in the emission at 510
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Fig. 3. Emission spectra of BCCM in benzene with variable concentrations of AcH excitation wavelength 329 nm.(a) concentrations
of AcH, 0, 0.04, 0.1, 0.5 and 1%(vyv). (b) concentrations of AcH 5, 10, 20 and 50%.

Table 1
Decay times(ns) of BCCM in benzene at different AcH concentrations and emission wavelengths; excitation wavelength 345 nm

Wavelengths tyns tyns tyns tyns tyns
0.1% AcH 1% AcH 5% AcH 10% AcH 20% AcH

375 2.4 1.8 0.7 0.4
x2 1.0 1.1 1.0 1.0

460 2.8 (67) 1.8 (45) 1.2 (17) 1.1 (4)
3.5 (23) 3.7 (28) 3.5 (27) 3.6 (21)
14.2 (10) 13.9 (21) 14.6 (56) 14.0 (75)

x2 1.00 0.99 1.06 1.10

520 1.8 (y0.013) 0.6 (y0.012) 0.4 (y0.006) 0.4 (y0.001)
3.5 (0.050) 3.6 (0.037) 3.7 (0.035) 3.7 (0.030)
14.0 (0.001) 14.1 (0.001) 13.7 (0.001) 14.0 (0.002)

x2 0.99 1.04 1.10 0.98

The fractional intensity can be observed between brackets(pre-exponential factors when there are negative amplitude contribu-
tions); x values are also included for each fit. In the interval between 0 and 0.08% AcH, thetyns values recorded at 375 nm2

were: 0% 2.9 ns,x s1.07; 0.04% 2.7 ns,x s0.95; 0.06% 2.5 ns,x s1.08; and 0.08% 2.4 ns,x s1.09.2 2 2 2

nm. As in other works, the 349–365 nm band is
defined as the N component(uncomplexed
BCCM) in order to distinguish it from thef370
nm component(D1A) associated with the 1:1
complexed BCCM with AcH. These little changes,
both in the band shape and the fluorescence max-
ima, are the consequence of the ground state
interactions between BCCM and AcH. It can be
considered that for the AcH interval 0–1% both
N and D1A are responsible for the emission in the

range 340–400 nm. These fluorescences decay
mono-exponentially, decreasing the lifetimes with
the increase of AcH concentration.
The D2 component(510 nm) fluorescence can

be well fitted by a triple-exponential decay rate
(Table 1). The shortest decay time is a risetime
whose contribution decreases by increasing the
AcH concentration. In all cases, there is a decay
time of approximately 3.6 ns, and a decay time of
approximately 14 ns; the latter can be attributed
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Fig. 4. Excitation spectra of BCCM in benzene with variable concentrations of AcH and recording at two different emission
wavelengths.

to the cation emission, whereas the rise time is
similar to that found for N and D1A. An attempt
to fit the D2 component by a double-exponential
decay component rendered a goodx value, but2

the lifetime at approximately 3 ns increases signif-
icantly with AcH concentration.
The excitation spectra monitored at 370 nm, are

only slightly red shifted(-1 nm) with respect to
that obtained from the uncomplexed BCCM(Fig.
4). In contrast, the excitation maximum of the D2
band is shifted by as much as 3 nm, indicating
that D1A and D2 bands do not originate from a
common ground-state species.
Above 1% AcH, when cationic species emission

starts, fluorescence decay was also recorded at 460
nm. For this wavelength, the fluorescence can be
well fitted by a triple-exponential decay rate and
no risetime was observed(Table 1). The contri-
bution of the shortest decay time decreases by
increasing the AcH concentration. In all cases,
there is a decay time of approximately 3.6 ns and

a decay time of approximately 14 ns. These two
can be attributed to the D2 and C emission,
respectively, whereas the shortest lifetime has a
higher value than that found for N and D1A. An
attempt to fit the C band by a double-exponential
decay component rendered a goodx value, but2

the lifetime at approximately 14 ns decreases with
the acetic acid concentration.

3.2. Interactions of BCCM with acetic acid in
dioxane

3.2.1. Ground state
Comparing the results in dioxane with those in

benzene, no isosbestic point is observed in dioxane
with increasing AcH concentration. The absorb-
ance increases slightly with acetic acid concentra-
tion and when the spectra are normalized, a little
shoulder at approximately 350 nm is observed.
The cationic species starts to absorb for an acetic
acid concentration of approximately 20%.
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Fig. 5. Emission spectra of BCCM in dioxane with variable concentrations of AcH excitation wavelength 329 nm.(a) concentrations
of AcH, 0, 0.04, 0.18, 0.4 and 1%(vyv). (b) concentrations of AcH 3, 5, 10, 20, 30 and 50%.

Table 2
Decay times(ns) of BCCM in dioxane at different AcH concentrations and emission wavelengths; excitation wavelength 345 nm

Wavelengths tyns tyns tyns tyns tyns
3% AcH 5% AcH 10% AcH 20% AcH 40% AcH

380 1.7 1.2 0.7 0.4
x2 0.97 1.01 1.16 1.06

460 0.8 (43) 0.4 (34) 0.4 (22)
14.0 (13) 13.4 (23) 14.3 (20)
3.7 (44) 3.8 (47) 4.0 (57)

x2 1.03 1.00 1.12

520 3.7 (0.067) 3.5 (0.055) 3.7 (0.042) 3.8 (0.062) 4.1(0.068)
1.2 (y0.078) 1.0 (y0.046) 0.7 (y0.026) 0.5 (y0.025) 0.5 (y0.009)

x2 0.99 1.15 1.17 1.06 1.12

The fractional intensity can be observed between brackets(pre-exponential factors when there are negative amplitude contribu-
tions); x values are also included for each fit. In the interval between 0 and 1% AcH, thetyns values recorded at 380 nm were:2

0% 2.8 ns,x s 1.10; 0.18% 2.8 ns,x s1.03; 0.40% 2.7 ns,x s1.08; and 1% 2.5 ns,x s1.16.2 2 2 2

3.2.2. First excited state
Fig. 5 shows the fluorescence spectra as a

function of the added AcH concentration in diox-
ane. The uncomplexed BCCM shows a normal
Stokes shifted emission maxima at 352 and 368
nm (N component) of which the relaxation dynam-
ics were well fitted by single-exponential kinetics
with a lifetime of 2.8 ns(Table 2). Upon increasing

the AcH concentration, in the 0–1% AcH interval,
a very slight change in shape with a progressive
decrease of the fluorescence intensity at 368 nm
and an increase in the emission at 510 nm are
observed. This behavior is similar to that found in
benzene although the changes are smaller. As for
the relaxation dynamics in dioxane(Table 2), the
behavior observed showed some differences with
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Fig. 6. Emission spectra of BCCM in acetonitrile with variable concentrations of AcH excitation wavelength 329 nm.(a) concen-
trations of AcH, 0, 0.1, 0.5 and 1%(vyv). (b) Concentrations of AcH 5, 10 and 20%.

that obtained in benzene. Recording at 460 nm,
the shortest lifetime has a similar value to that
found for N and D1A(in benzene it has a higher
value). The D2 component(510 nm) fluorescence
can be well fitted by a double-exponential decay
rate. The shortest decay time is a risetime similar
to that found for N and D1A, whose contribution
decreases by increasing the AcH concentration. In
all cases, there appears a decay time of approxi-
mately 3.6 ns that can be attributed to D2 emission.
This good double-exponential fit is due to the low
C emission in this solvent.
The excitation spectra monitored at 370 nm are

only slightly red shifted(-1 nm) with respect to
that obtained from the uncomplexed BCCM. In
contrast, the excitation maximum of the D2 band
is shifted by as much as 2 nm, indicating that
D1A and D2 bands do not originate from a
common ground-state species.

3.3. Interactions of BCCM with acetic acid in
acetonitrile

3.3.1. Ground state
In acetonitrile only an increase of the neutral

form absorbance is observed and again, there is

no isosbestic point. For 1% AcH the cationic
species begins to absorb and for 30%, C is the
only species present in solution.

3.3.2. First excited state
As for norharmane, the N component does not

shift with AcH concentration(Fig. 6). In this
derivative the fluorescence maximum around 405
nm does not appear as in norharmane and although
the D2 fluorescence is hidden by cationic emission,
the lifetimes confirm its presence(Table 3). The
excitation spectra behavior is similar to that found
in the other solvents. These spectra are shifted to
the red(1 nm) recording emission at 520 nm with
respect to those recorded at 365 nm. As the D2
fluorescence intensity is very low for all AcH
concentrations, there is no contribution of this
component lifetime to the relaxation dynamic
recording at 460 nm.

3.4. Interactions of BCCM with acetic acid in
dichloromethane

3.4.1. Ground state
The absorbance results in this solvent are similar

to those found in acetonitrile and dioxane and



690 D. Reyman et al. / Biophysical Chemistry 104 (2003) 683–696

Table 3
Decay times(ns) of BCCM in acetonitrile at different AcH concentrations and emission wavelengths; excitation wavelength 345
nm

Wavelengths tyns tyns tyns tyns tyns
0.5% AcH 1% AcH 5% AcH 10% AcH 20% AcH

380 2.0 1.6 0.7
x2 1.21 1.12 1.18

460 1.7 (28) 0.8 (6) 0.6 (2) 0.2 (1)
14.8 (72) 15.0 (94) 14.8 (98) 15.0 (99)

x2 0.91 1.09 1.07 1.05

520 4.4 (74) 3.6 (29) 3.6 (15) 4.7 (5)
15.0 (26) 14.9 (71) 15.1 (85) 15.0 (95)

x2 1.19 1.07 1.07 1.08

The fractional intensity can be observed between brackets;x values are also included for each fit. In the interval between 0 and2

0.1% AcH, thetyns values recorded at 380 nm were: 0% 2.9 ns,x s1.19; 0.04% 2.8 ns,x s1.03; 0.06% 2.7 ns;x s1.00; and2 2 2

0.1% 2.6 ns,x s1.09.2

again, no isosbestic point is observed. And what
is probably more significant is that for 5% AcH,
nearly all BCCM is protonated as happened for
norharmane in the same solvent mixture.

3.4.2. First excited state
Exciting at 329 nm and depending on AcH

concentration, four fluorescences were observed
with maxima around 349–365, 382, 462 and 510
nm; however, exciting at 370 nm, only two fluo-
rescences were recorded around 400 and 462 nm
(Fig. 7). This maximum at 400 nm was not
observed for norharmane in the same solvent. As
for the relaxation dynamics in dichloromethane
(Table 4), it is similar to that found in acetonitrile.
The only difference was observed recording the
fluorescence at 460 nm where the shortest lifetime
remains constant with the increase of AcH concen-
tration, while in acetonitrile it decreases with AcH.
In dichloromethane, the relaxation dynamics

were also recorded exciting at 370 nm. From the
results shown in Table 4, we can associate a
lifetime of 3.0 ns for the species emitting at 400
nm. As in acetonitrile, no risetime was registered
in dichloromethane.
From the fluorescence excitation spectra, also

in dichloromethane, D1A and D2 components do
not originate from a common ground-state species.

4. Discussion

Recent spectroscopic studiesw27,28x on the
interactions of N -methyl harmane(N -methyl-1-9 9

methyl-9H-pyridow3,4-bx indole, MHN) where the
pyrrolic nitrogen is blocked, and therefore the
hydrogen interactions only occur through pyridinic
nitrogen, have shown three different MHNyhydro-
gen bonded complexes(1:1, 1:2 and 1:3) in
cyclohexane in the presence of aproton donating
compound as hexafluoropropan-2-ol. These three
interactions take place through pyridinic nitrogen.
The 1:1 complex lifetime value was very close to
that of MHN in cyclohexane(2.1 ns) and the
measured lifetimes for 1:2 and 1:3 complexes were
3.7 and 14–15 ns, respectively.
Furthermore, in the presence ofhydrogen bond

acceptors as tetrahydrofuran,N,N-dimethylfor-
mamide, the UV-Vis absorption and fluorescence
spectra were shifted to the red by the interaction
of harmane(pyrrolic nitrogen deblocked) with
these acceptors. In spite of the fact that two
different species contributed to fluorescence emis-
sion, the decay is monoexponential. The lifetimes
of the decays were very close to that of the non-
complex harmane, 2.9 ns. Therefore, the 1:1 inter-
actions of both hydrogen donors and acceptors
with BC derivatives produce very small shifts in
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Fig. 7. Emission spectra of BCCM in dichloromethane with variable concentrations of AcH excitation wavelength 329 nm.(a)
concentrations of AcH, 0, 0.08, 0.12, 0.5 and 1%(vyv). (b) Concentrations of AcH, 5 and 10%.

Table 4
Decay times(ns) of BCCM in dichloromethane at different AcH concentrations and emission wavelengths; excitation wavelength 345 nm

Wavelengths tyns tyns tyns tyns tyns
0.1% AcH 0.5% AcH 1% AcH 5% AcH 10% AcH

380 1.9 1.6 1.3
x2 1.26 0.96 1.18

460 1.5 (24) 1.5 (22) 1.4 (17) 1.5 (10)
14.6 (76) 14.7 (78) 13.7 (83) 13.9 (90)

x2 1.05 1.15 0.97 0.98

520 3.7 (87) 3.6 (73) 3.6 (47)
14.2 (13) 14.2 (27) 14.0 (53)

x2 1.00 1.02 1.00

The fractional intensity can be observed between brackets;x values are also included for each fit. In the interval between 0 and 1%2

AcH, thetyns values recorded at 380 nm were: 0% 2.4 ns,x s1.01; 0.04% 2.1 ns,x s 1.06; and 0.06% 2.0 ns,x s1.09.2 2 2

the absorption and emission spectra and a small
lifetime reduction.
Other recent studiesw29x of BC in cyclohexane

in the presence of trace amounts of AcH, showed
an equilibrium in the ground state between three
different compounds, uncomplexed BC and 1:1
BCyAcH, 1:2 BCyAcH complexes. This 1:2 BCy
AcH complex consists of a triple-hydrogen bond-
ing formation where a fast excited-state
proton-transfer(ESPT) takes place through a con-
duit of relayed hydrogen bonds. The relaxation
dynamics for the uncomplexed and 1:2 BCyAcH

complex were well fitted to a monoexponential
decay kinetic with lifetime of 2.8 and 5.9 ns in
cyclohexane, respectively.
Hydrogen-bonding interactions between the pyr-

rolic NH group of BC and thep-delocalized
electrons of the benzene derivatives have also been
proposedw34,37x. At low concentrations of ben-
zene, the NHyp interactions only produce an
enhancement in the fluorescence around 360 nm
in cyclohexane. Furthermore, at higher concentra-
tions, fluorescence quenching is observed. In addi-
tion, harmane and pyridine form a 1:1
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hydrogen-bonded complex in both the ground and
excited states whose stability diminishes as the
polarity and hydrogen–bonding ability of the sol-
vent increasew38x.
In our case, we have worked with a compound

whose pyridinic nitrogen is approximately three
orders of magnitude less basic than the pyridinic
nitrogen of norharmane. This has allowed us to
study the BCCMyAcH interactions for a wide
range of AcH concentrations before the formation
of cationic species.
Comparing BCCM results with those obtained

for norharmanew30x in the same solvents studied
in this work, it can be observed that the interac-
tions between the fluorophore and AcH are weaker
in the case of BCCM than for norharmane. Some
fluorescences, such as that at 425 nm(observed
for norharmane in acetonitrile) does not appear
and nevertheless, in this solvent D2 emission was
registered in both systems, which makes us con-
clude that there is no connection between these
two species(425 nm and D2), and the first one is
not responsible for D2 formation.
On the other hand, D2 emission appears at low

AcH concentration in all the solvents studied in
this work and its formation is only possible in the
presence of two AcH molecules. For that, we
believe that a double equilibrium should be estab-
lished between BCCM and two AcH molecules
interacting with the two BCCM nitrogen atoms
since the first addition of AcH.
On the contrary, Carmona et al.w31x have

recently shown, that for harmane(b carboline
derivative with a methyl group in the position 1
of theb-carbolinic ring) in mixtures of cyclohex-
aneytoluene and in the presence of a proton donor
as hexafluoropropanol, only a 1:3 hydrogen-bond-
ed proton transfer complex is the responsible for
the zwiterionic species formation, Z,(D2 for us,
1:2 BCCMyAcH complex). So, it seems that for
Z (or D2) formation in the presence of a proton
donor, it is necessary the formation of a long
enough donor-chain to overcome the steric hin-
drance of the methyl group in the position 1 in
the b-carbolinic ring and, once the chain bends it
can interact with the pyrrolic nitrogen forming Z
(D2).

In our case, BCCM has not the steric hindrance
of the methyl group. This means that D2 can be
formed by a 1:2 complex as was proposed by
Chou et al.w29x. Moreover, the acetic acid mole-
cule is both a proton donor and acceptor, so two
separate acetic acid molecules can interact simul-
taneously with a BCCM molecule through the two
nitrogen atoms, giving rise to D2 formation. So,
we believe that D2 can be formed in different
ways.
The excitation spectra confirm that D2 is not

formed from N but for another species with a
spectrum similar to N in which there is a hydrogen-
bonding formation between BCCM and AcH(Fig.
4).
A good linear fitting is obtained by plotting the

reciprocal of absorbance at 353 nm vs. 1ywAcHx,
before the cationic species absorption starts(from
0 to 1% AcH), confirming the 1:1 relation between
BCCM and AcH in the ground state complex. The
values of the complex formation constants,K ,AD

at 25 8C for the different systems studied are 3.2,
8.3, 24.9 and 57.6 M in dioxane, acetonitrile,y1

dichlorometane and benzene, respectively. These
values are lower than those obtained for norhar-
mane in the same solvents: 12.6, 14.2, 34.7 and
357.3 M , although they maintain the samey1

tendency. Benzene(p base) is the solvent with a
more favored complex formation.
As we also observed for norharmane, the recip-

rocal of the fluorescence decay time of BCCM at
370 nm depends linearly on the acetic acid con-
centration: 1ytskqk wAcHx where k includesa

both the radiative and non-radiative depopulation
constants andk represent the quenching constanta

by AcH. From the fitting, the k values area

1.1=10 M s , 2.1=10 M s , 2.8=108 y1 y1 8 y1 y1 8

M s , 3.0=10 M s in dioxane, benzene,y1 y1 8 y1 y1

acetonitrile and dichlorometane, respectively. In
the last three solvents, the values found for these
depopulation dynamics are very similar and related
to the hydrogen acceptor ability of BCCM pyridin-
ic nitrogen.
Another noticeable fact is the Stern–Volmer

plot (F yF vs. AcH concentration) upward curva-0

ture, concave towards they-axis (Fig. 8). This
feature is characteristic when both static and
dynamic quenching occur for the same fluoro-
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Fig. 8. Quenching of BCCM by AcH in dioxane exciting at 329 nm and recording the fluorescence at 353 and 368 nm(F andF0

are the fluorescence intensities in the absence and presence of quencher andt andt are the lifetimes of BCCM in the absence0

and presence of the quencher, respectively).

Fig. 9. Structures of D1A and D2.

phore. Apart from that, we observed a rise time
when the D2 component fluorescence was record-
ed, indicating that this emission was originated
from another species in the first excited state, a
fact that is corroborated by the excitation spectra.
The problem is to identify this species since all
species except for the cationic one, have very
similar lifetimes. We propose the following scheme
to explain the behavior observed in this system:
Scheme 1 explains the observed behavior in the

systems BCCMyAcH in the interval between 0

and 1% AcH. In this interval, a 1:1 complex is
formed in the ground state between BCCM pyr-
rolic nitrogen and AcH, which produces a slight
red shift of the absorption spectrum. The possible
D1A and D2 structures are presented in Fig. 9. On
the one hand, D2 would be formed only in the*

first excited state and principally from D1A*. This
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Fig. 10. Emission spectra of BCCM in dichloromethane with different excitations at 329 and 370 nm.

would explain the upward curvature of the Stern–
Volmer plot and the observed risetime when the
fluorescence decay was recorded at 520 nm. On
the other hand, to explain the N lifetime decrease
with AcH concentration, N and D1A must also be
connected in the first excited state.
For AcH concentrations higher than 1%, other

interactions take place in the ground state. How-
ever, as they cause little changes in the absorption
spectra and are strongly overlapped with the cati-
onic species absorption, it is not possible to relia-
bly clarify the stoichoimetries of these complexes.
On the other hand, the D1A stability diminishes
as the polarity and hydrogen–bonding ability of
the solvent increase, which could explain that by
increasing the AcH concentration in solution and
therefore by increasing the polarity and hydrogen–
bonding ability of the media, D2 fluorescence
disappears. In sufficiently polar solvents, the
hydrogen-bonding interaction occurs mainly
between the pyridinic nitrogen of BCCM and AcH
and so, the 1:1, 1:2 and 1:3, MHNyhydrogen-
bonded complexes as proposed by Carmona et al.
w31x can be formed.
Recently, we have been working also with

BCCM in aqueous solution acidifying it both with
acetic and sulfuric acidw35x. The absorption max-
ima are only slightly shifted due to solvent polarity,

and the most significant fact is the loss of the
vibrational structure and the 20 nm red shift of the
emission attributable to the N emission. This
means that stronger interactions between BCCM
and water are produced in the first excited state
than in the ground state. This new species that
results from the interaction between BCCM and
water, has a fluorescence maximum around 380
nm and a lifetime of approximately 3.2 ns that
does not depend on the AcH concentration. Apart
from this species, in aqueous solution, only the
cationic species emission is observed whose
absorption maximum and fluorescence lifetime are
similar to those found at 460 nm in dioxane,
benzene, dichloromethane and acetonitrile(approx.
14 ns). Apart from that, the emission spectrum
shape in aqueous solution at acid pH is constant,
no matter if the solution is acidified with acetic or
sulfuric acid, which leads us to attribute the fluo-
rescence with a maximum at 460 nm to C
emission.
The fluorescence at approximately 380 nm

observed in aqueous solution, was also recorded
for BCCM in dichloromethane as was previously
observed for other BC derivatives in the same
solventsw39,40x. In dichloromethane another flu-
orescence around 400 nm was clearly recorded
(Fig. 10). The structures of the species responsible
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for these emissions could also be related to hydro-
gen-bonding interactions(probably established in
the ground state) between the pyridinic nitrogen
of BCCM and one, two or three AcH molecules.
However, it is not possible to reliably clarify the
stoichoimetries of these complexes since both their
absorption and fluorescence are strongly over-
lapped with those of the other species. What can
be foreseen is that hydrogen donor solvents will
favor the formation of these species.
Therefore, four different complexes have been

observed in a short range of AcH concentrations
before the protonation of BCCM. The structures
of D1A and D2 seem to be sufficiently justified
(Fig. 9). The structures of the species that emit
around 380 and 400 nm, could be attributed to
interactions between the pyridinic nitrogen and
AcH, but it is still not known how many AcH
molecules participate in these complexes. In order
to clarify these interactions, NMR studies are
currently being carried out and will be presented
in future publications.
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