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Abstract The absorption and fluorescence spectra of o-
carboline, 9H-pyrido[2,3-b]indole, AC, in organic aprotic
solvents containing different water proportions and in acid/
base aqueous solutions inside and outside the pH range have
been examined. In the organic aprotic solvents, the addition
of increasing concentrations of water sequentially quenches
and shifts to the red the fluorescence spectra of AC. These
spectral changes have been rationalized assuming the for-
mation, at the lower water concentrations, of a discrete
ground state non-cyclic weakly fluorescent AC hydrate
emitting at 376 nm that, upon increasing the water concen-
trations, evolves to a higher order AC poly hydrate emitting
at 397 nm. The changes of the AC absorption spectra in
aqueous acid/basic solutions indicate the existence of three
ground state prototropic species; the pyridinic protonated
cation, C (pK,=4.10%0.05), the neutral, N (pK,=14.5+0.2),
and the pyrrolic deprotonated anion, A. Conversely, the
changes of the AC fluorescence spectra in these media
indicate the existence of four excited state species emitting
at 376 nm, 397 nm, 460 nm and 465 nm. Since the emis-
sions at 376 nm and 397 nm satisfactorily match those of the
hydrates observed in the organic-water mixtures, they were
consistently assigned to two differently hydrated ground
state N species. The remaining emissions at 460 nm and
465 nm have been assigned without ambiguity, on the basis of
their excitation spectra, to the C and A species, respectively.
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Introduction

The apparently anomalous photophysical behavior of the 7-
Azaindole, 7Al, in water has long attracted considerable in-
terest[1, 2]. As it is well known, in hydrocarbon and alcohol
solvents, 7Al forms cyclic doubly hydrogen-bonded dimers
and solute/solvent complexes, respectively. Upon photoex-
citation, these complexes undergo a concerted intermolecu-
lar excited state double proton transfer, ESDPT, reaction. As
a result, the room temperature fluorescence spectrum of the
7AI solutions in these solvents shows dual emissions with
short and long wavelength bands attributed to the 7Al
monomer or the 7Al/alcohol complexes and to their photo-
tautomerized species, respectively. In contrast, 7Al in water
exhibits only a single fluorescence band at 385 nm that
shows double exponential fluorescence decays and growths.

Although the origin of this band has been the subject of
conflicting interpretations [3—9], it is generally accepted that
the photophysics of 7-azaindole in water is mainly dominated
by 7Al hydrates [5, 7] that, because of their ‘blocked’
structures for the ESDPT process, are unable to phototauto-
merize. However, a very small fraction of cyclic doubly
hydrogen bonded 7AI monohydrates, possessing an appro-
priate hydrogen-bonded structure, are able to phototauto-
merize directly and rapidly, just as in the case of the
dimer. This assumption was supported by the fact that, upon
the addition of small quantities of water to the 7AI solutions
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in aprotic solvents, the green fluorescence attributable to the
phototautomer of the 7Al monohydrate can be easily ob-
served [S]. Thus, according to these authors, [7], in bulk
water the weak long wavelength fluorescence of these pho-
totautomers is hidden under the red edge of the main emis-
sion band.

o-carboline, or 1-azacarbazole, AC, Scheme 1, is another
representative diaza-aromatic molecule that can experience
an ESDPT process and phototautomerism. Because of its
structural relation with 7AI, the photophysics of AC has
received outstanding attention [10-20]. Thus, it has been
reported that AC forms, similarly to 7Al, cyclic doubly
hydrogen-bonded dimers and solute/solvent complexes in
hydrocarbon and alcoholic solvents, respectively. Upon pho-
toexcitation, these species promote the AC phototautomerism
undergoing an ESDPT process and emitting dual fluores-
cence. In bulk water, AC also shows the apparently anomalous
photophysical behavior of 7AI [10, 13, 19]. Consequently, it
has been presumed that AC also forms cyclic doubly hydro-
gen bonded monohydrates similar to those of 7AIl. However,
the experimental evidences supporting this presumption have
not been reported. In fact, the photophysical behavior of AC in
aqueous media has been scarcely studied and the published
data on this system are scattered among the different papers
devoted to the AC photophysics. Moreover, although some
years ago, in the context of a theoretical study on the acid—
base properties of the carbolines, we reported the ground state
pK.as of AC, the spectral data used to obtain these pK,s were
not even included in this paper [21].

Therefore, to get a better understanding of the AC photo-
physics in water, we have thought interesting to systemati-
cally study the spectral and photophysical properties of AC
in aqueous media. The main goal of this study is to spec-
troscopically characterize the ground and excited state pro-
totropic species of AC and to discern the nature of the AC
hydrates that could be present in neutral aqueous solutions.
For this purpose, we have analyzed the influence of acids,
bases and water addition on the absorption and fluorescence
spectra of aqueous and organic AC solutions, respectively.

Experimental

AC was synthesized and purified as described elsewhere
[22]. Citric acid and sodium di-hydrogen phosphate used

—
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Scheme 1 «-carboline, 9H-pyrido[2,3-blindole, AC
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for the buffer solutions, HCl and NaOH were analytical
grade commercial products of the best available quality
(>95%, Sigma-Aldrich) and were used without further pu-
rification. Doubly distilled water was used thoroughly. The
pHs of the buffer solutions were measured with a Radiom-
eter Copenhagen PMH80 pH-meter and a Teknokroma Sin-
gle Pore Glass P/N 238160 electrode. Spectral grade organic
solvents diethyl ether, DEE, tetrahydrofurane, THF, and
dioxane, DX, of the highest available purity were freshly
prepared and used as received. Non-degassed solutions for
spectroscopic measurements were freshly prepared and kept
in the dark to avoid photodecomposition.

The UV-vis absorption spectra were recorded on a Cary
100 spectrophotometer and the stationary fluorescence
measurements in a pre-calibrated Hitachi F-2500 spectroflu-
orimeter using Spectrosil quartz cells of 1 cm path length.
Dilute solutions of AC (=10> M) were used to avoid inner
filter effects and re-absorption phenomena. The Peak Fit©
Jandel Scientific Program was used to re-convolute the
experimental fluorescence spectra of AC in DX-water mix-
tures from their individual components. The emission bands
were fitted to the logistic symmetric function:

y=ag(1+expX) Va3 (a3+ 1) Vexpx (1)

with

(x+aylna; —a)
ap

X=-

(2)

The amplitudes, a,, centres, a;, widths, a,, and shapes, a; 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 time-resolved fluorescence measurements were per-
formed with the time-correlated single photon counting
FL900CD and Mini-t spectrofluorimeters of Edinburgh
Analytical Instruments. These instruments used as the exci-
tation sources a nF900 hydrogen flash lamp and a Pico-
Quant laser diode, respectively. The fluorescence decay
curves were acquired to (1-2) 10* counts in the peak and
were fitted, by re-convolution analysis with the instrumental
response function, to a sum of exponential functions with
amplitudes, «;, and lifetimes, T;.

1(t) = aexp(—t/z) (3)

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

Spectral Characterization of the AC Hydrates
in the Water-Organic Mixtures

As stated in the Introduction, one of the main goals of this
study is to look for the AC hydrates that could be present in
bulk water and to investigate their nature and photophysics
properties. For this purpose, we have examined the influ-
ence of water addition on the absorption and fluorescence
spectra of AC in different water miscible aprotic solvents.
After this previous scrutiny, we have selected DX, THF and
DEE as the more representative solvents to illustrate the
characteristics of these spectral changes.

Upon water addition, the structured low energy absorp-
tion band in the absorption spectrum of a 1 10™* M solution
of AC in DX broadens and shifts slightly to the red, Fig. 1.
The fluorescence spectrum of this AC solution diminishes in
intensity, loses its vibrational structure, broadens and pro-
gressively shifts to the red practically matching, at the
higher water concentrations, the fluorescence emission
spectrum of AC in bulk water, Fig. 2. This behaviour
resembles that previously reported for 7Al in these organic
solvent-water mixtures [5], but with an important difference:
the distinctive long emission band that would be attributable
to the cyclic double hydrogen bonded AC monohydrates is
not observed. Therefore, this intriguing result suggests that,
unlike 7AI, AC does not form the 1:1 cyclic hydrogen
bonded AC/water complex structurally ready for a rapid
ESDPT process depicted in Scheme 2.

The absence of isosbestic and isoemissive points in the
absorption and fluorescence spectra of AC in the DX-water
mixtures, suggests that AC hydrogen bond to water mole-
cules forming a variety of AC hydrates. However, despite
the apparent complexity of this system, the Stern-Volmer

1.6

% viv water

1.4 1

1.2 A

1.0

0.8 -

Absorbance

061 1
04,

024 -

260 280 300 320 340 360
Wavelength (nm)

Fig. 1 Influence of water addition (% v/v) on the absorption spectrum
of a 1 10~* M solution of AC in DX

plot, in the inset of Fig. 2, of the ratio of the areas, Ay/A,
under the emission spectra of the AC solutions in DX
before, A, and after, A, the water addition, against the water
concentration surprisingly shows well defined straight lines
at the lower and the higher water concentrations, respective-
ly. This behaviour points out that, at least, two different
types of hydrates are responsible for the changes of the
AC fluorescence spectra. In this regard, it is worth noting
that the experimental fluorescence spectra of AC in the DX-
water mixtures can be excellently reproduced by re-
convoluting two emissions bands centered at 376 nm and
397 nm, Fig. 3. Interestingly, the contributions of these
bands decrease and increase, respectively, as the water con-
centration increases. These results confirm that the AC-
water hydrogen bonding interactions take place sequentially
and involve two different species.

The results obtained in THF plentifully support this hy-
pothesis. Thus, upon the addition of small water concentra-
tions, the fluorescence spectrum of AC in this solvent loses
its vibrational structure and its intensity is strongly
quenched, Fig. 4. However, once this initial quenching
process has been practically completed, the further increase
of water concentration shifts markedly to the red the AC
fluorescence spectrum. The addition of water also produces
similar, but even more pronounced, quenching of the AC
fluorescence in DEE (spectra not shown). However, due to
the limited solubility of water in this solvent, the higher
water concentrations necessary to observe the expected fur-
ther red shift of the fluorescence spectrum could not be
achieved. These results suggest that the quenching and the
red shift of the AC fluorescence spectra in the organic-water
media have different origins. Because, as mentioned, the
spectral changes in the THF-water mixtures take place in
well separate ranges of water concentrations, we will take
this advantage to get a further insight on the nature of these
phenomena.

In the range of the low water concentrations where the
quenching of the AC fluorescence is observed, the Stern-
Volmer plot of the ratio of the areas, Ag/A, under the
emission spectra of the AC solutions in THF, before, A,,
and after, A, the water addition, against the water concen-
tration shows a negative deviation typical of inhomoge-
neous ground state systems, inset of Fig. 4. Accordingly,
the fluorescence of these solutions shows bi-exponential
decays. Global analysis of these decays gives constant life-
times around ~7 ns, close to that of AC in pure THF (7.43+
0.04 ns), and ~3 ns. The relative contributions of these
lifetimes to the emission decrease and increase upon in-
creasing the water concentration, respectively. These results
can be reasonably explained assuming the ground state
formation of a weakly fluorescent hydrogen bonded AC/
(H,0),, complex emitting around 376 nm. Moreover, the
time resolved fluorescence data indicate that the free AC
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Fig. 2 Influence of water addi-
tion (% v/v) on the fluorescence
spectrum of a 2 107> M solution
of AC in DX, A.,=298 nm. In
the inset: Stern-Volmer plot of 0
the ratio of the areas, Ay/A, un-
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molecule and the AC/(H,0), complex behave as indepen-
dent fluorophores; namely, they do not interconvert in the
singlet excited state, Scheme 3.

According to the proposed model, the ground state for-
mation of the AC/(H,0O), complex in the THF-water mix-
tures can be expressed as:

AC +nH,0=AC/(H,0), 4)
being the apparent equilibrium constant, K¢:

K. — [AC/(H:0),]

RO )

Taking logarithms and rearranging we obtain:

1o [AC/(H:0),]

Finally, assuming that the fluorescence spectra is composite
of the emissions of the non-hydrated and hydrated AC
species and that their intensities are proportional to their
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I

Scheme 2 Doubly hydrogen bonded 1:1 (a) and 1:2 AC-water
complexes
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ground state concentrations, a straightforward derivation
lets us to transform the Eq. (6) in the following equation:

Ay — A4

In——
A—Ay

= IHKC +n 111[]‘120] (7)
where Ay and A have the same significance as before and
A, represents the integrated intensity of the AC fluores-
cence spectrum once the AC/(H,0), complex has been
completely formed. As Fig. 5a shows, the plot of the fluo-
rescence data according to Eq. (7) gives a straight line. The
value obtained for n from the slope of this plot, 1.8+0.2,
suggests that this complex has the structure of the AC/
(H,0), complex depicted in Scheme 2. On the other hand,
from the intercept of this plot, a value of 8.4+0.4 M 2 can
be estimated for the formation constant, K¢, of this com-
plex. The analysis of the fluorescence data of AC in the
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Fig. 3 Experimental (bold) and re-convoluted (circles) fluorescence
spectra of AC in some representative DX-water mixtures
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Fig. 4 Influence of water addi- 1600
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spectra of a 2 10> M solution of ° /
AC in THF, Aec=298 nm. In the 0 3
inset: Stern-Volmer plot of the
ratio of the areas, Ay/A, under - 1200
the emission spectra of the AC =
solutions in THF against the &
water concentration =

2

£ 800 - 2 3 4

= % viv water

K=l

(]

R

E 60

400 -
- % vlv water
© 95
(s T — T T T T T ‘;“M
340 360 380 400 420 440 460 480

DEE-water mixtures gives similar results but, possibly due
to the lower polarity of this solvent, the value obtained for
the formation constant K¢, 5845 M 2 is greater than that
obtained in THF.

After this initial quenching process, the further increase
of the water concentrations progressively shifts to the red
and diminishes the intensity of the fluorescence spectrum of
AC in the THF-water mixtures. In these media, the AC
fluorescence decays mono-exponentially with lifetimes
close to that of AC in bulk water, ~2.5 ns. As in the water-
poor mixtures, the analysis of the steady-state fluorescence
data of the water-rich mixtures according to Eq. (7), taking
now for A, the value of A,, corresponding to the complete
formation of the AC/(H,0), complex_yields also a straight
line but with a greater slope, 5.7+0.3, Fig. 5b. This result
points out to the formation of a new AC/water hydrate with
a higher number of water molecules. Because of the property
of the water molecules to accommodate up to four hydrogen
bonds, we suppose that the primary solvation shell of this
hydrate would involve a water cluster with extensive hydro-
gen bonding between the water molecules. To test this hy-
pothesis we have examined the influence of the tert-butanol,
tButOH, addition on the spectra of AC in hexane. We have
selected this alcohol because its molecular structure is little
prone to self-aggregation.

[ac] [ac/(u,0),]"
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In (A-AY(A-A)

-2 T T T T
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Scheme 3 Hydrogen bonding interaction between AC and H,O

Fig. 5 Plots according to Eq. (7) of the steady state fluorescence data
of the AC solutions in water-poor (a) and water-rich (b) THF-water
mixtures
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The spectra reported in Fig. 6 clearly support this pre-
sumption. Thus, the addition of tButOH induces changes in
the absorption spectrum of AC similar to those produced by
water. However, it must be noted that the spectra of the AC-
tButOH system have clearly defined isosbestic points not
observed in the AC-water spectra. These results show that,
differently as for water occurs, tButOH only forms one
hydrogen-bonded complex with AC. The formation of this
AC-tButOH complex also quenches and slightly shifts to the
red the fluorescence spectrum of AC, inset of Fig. 6. There-
fore, as we presumed, once the AC-tButOH complex has
been completely formed, because of the difficulty of the t-
ButOH molecules to self-aggregate, the fluorescence spec-
trum of the AC-tButOH mixtures does not experience fur-
ther changes. This spectrum is very close to that of AC in
pure tButOH, which, possibly due to solvatochromic effects,
is less structured and slightly red shifted (A.x ~371 nm).
Noteworthy, the long emission band that would be attribut-
able to the 1:1 cyclic double hydrogen bonded AC-tButOH
complexes is neither observed in this system.

Spectral Characterization of the Prototropic Species of AC
in Aqueous Solutions

Due to the presence in its structure of a moderately basic
pyridinic nitrogen atom and a weakly acid pyrrolic group,
AC is expected to show an amphoteric behavior in aqueous
solutions, being protonated in moderately acid media (inside
the pH range) and deprotonated in highly basic solutions
(outside the pH range), Scheme 4. Accordingly, we have
systematically examined the absorption spectra of AC in
buffered and NaOH solutions, Fig. 7. The changes observed
in these spectra show the expected ground state equilibria

between the neutral, N, cationic, C, and anionic, A, proto-
tropic species of AC depicted in Scheme 4.

As illustrated in this Figure, upon protonation and depro-
tonation of N to form C and A species, the low energy band
of the absorption spectrum shifts to the red around 15 nm
and 45 nm, respectively. The analysis of the spectrophoto-
metric titration data by using the classical Henderson-
Hasselbach equation [23] (inside the pH range) and the
Excess Acidity Function method [24] (outside the pH range)
renders pK, values of 4.10+0.05 and 14.5+0.2 for the
C—N and N—A prototropic equilibria, respectively. These
pK, values, in good agreement with those previously
reported by others authors and ourselves [13, 21], are similar
to those published for 7AI (4.5+0.1 and 12.1, respectively)
[8]. On the other hand, these pK,s values indicate that while
the pyridinic nitrogen atom of AC is the less basic of the
four isomers of the carboline ring, the acidity of the pyrrolic
proton is similar within the carboline family [21].

The fluorescence spectra obtained by exciting the AC
solutions in the 0-10 pH range at the isosbestic point of
the absorption spectra, reveal the presence of two emitting
species, Fig. 8a. At the lower pHs, the AC solutions emit
around 460 nm and, at moderately acid, neutral, and moder-
ately basic pHs, around 397 nm. Under these experimental
conditions, the emission decays of the AC solutions, excited at
the isosbestic point, are characterized by only one lifetime in
acid (pH<2) and neutral (pH 6-8) media, ~0.9 ns and ~2.5 ns,
respectively, and by some combination of these two lifetimes
at intermediate pHs. As the basicity of the AC solutions
increases above pH=~10, the intensity of the emission at
397 nm strongly diminishes. Moreover, in the concentrated
NaOH solutions (~2—8 M), the fluorescence spectra of AC
show double emissions with very weak bands at 376 nm and

Fig. 6 Influence of tButOH 0.5
addition on the absorption spec-

trum of a 2 10~> M solution of

AC in hexane. In the inset,

influence of tButOH addition 0.4 4
on the fluorescence spectrum

of a2 107> M solution of AC

in hexane
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Scheme 4 Ground state
prototropic equilibria of AC

[

465 nm whose intensities decrease and increase, respectively,
as the concentration of the NaOH solutions increases, Fig. 8b.
Unfortunately, the extremely low intensities of these fluo-
rescence emissions precluded a detailed study of the dynamic
of the system in these media. Finally, in highly concentrated
solutions of NaOH (~11 M), the band at 465 nm is the only
emission observed in the fluorescence spectrum of AC,
Fig. 8b. This band decays mono-exponentially with a life-
time of ~6 ns.

The analysis of the acid/base influence on the fluores-
cence spectra of AC reveals the existence of four different
emissions at 376 nm, 397 nm, 460 nm and 465 nm. The
normalized fluorescence spectra showing these representa-
tive emissions are recorded in Fig. 9. Noteworthy, the fluo-
rimetric titration plots in the inset of Fig. 8a and b of the
fluorescence intensities measured at 397 nm and 465 nm
indicate that the excited-state emissions reflect the underly-
ing ground state C—N and N—A equilibria, respectively.
Therefore, these results suggest that these equilibria are not
apparently established during the singlet excited-state life-
times of the AC prototropic species.

Noteworthy, the emission bands at 460 nm and 465 nm are
practically coincident. However, because of the disparate me-
dia where they are obtained, they would not reasonably pro-
ceed from the same ground state precursor. In fact, their
different excitation spectra (not shown) closely reproduce
the absorption spectra of the ground state species predominat-
ing in the media where they are observed. Therefore, these
bands at 460 nm and 465 nm can be unambiguously assigned
to the emissions of C and A, respectively. Accordingly, AC
excellently accomplishes the Valle-Kasha-Catalan rule: “/n a
diheterocyclic aromatic molecule with proton-acceptor and
proton-donor heteroatom systems, a coincidence or near
coincidence of the corresponding cation and anion fluores-
cence bands will be manifested” [25].

The remaining emissions at 376 nm and 397 nm have
similar excitation spectra. Since these spectra roughly re-
semble the absorption spectrum of the N species, we can
conclude that N is the common ground state precursor for
both emissions. Interestingly, there is a close correspon-
dence between these bands and those of the fluorescence
spectra of AC in the organic-water mixtures attributed to the
AC/(H,0), complex and the AC poly-hydrates. Thus, as the
normalized spectra in Fig. 10 show, the band at 376 nm of
the AC spectrum in NaOH 5.6 M, reasonably matches that
observed in the emission spectrum of AC in THF with a

Oy — Qi) —

N

10% v/v of water content. On the other hand, the emissions
around 397 nm observed in moderately acid or basic and in
neutral media and the emission observed in the spectrum of
AC in THF with a 95% v/v of water content are practically
coincident.

According to these results the emissions at 397 nm and
376 nm can be assigned to two differently hydrated neutral
AC species. Concretely, the hydration of the neutral species
emitting around 397 nm in moderately acid and basic aqueous
media should be close to that of the AC poly hydrates pre-
dominating in the organic-water mixtures with high water
concentrations. Similarly, the hydrated structure of the neutral
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Fig. 7 Absorption spectra of 2 10> M solutions of AC in buffered (a)
and NaOH (b) aqueous solutions
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Fig. 8 Fluorescence spectra of a
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species emitting at 376 nm in moderately concentrated NaOH
solutions should be similar to that of the AC-(H,0), complex
formed in the organic-water mixtures with low water con-
centrations. Therefore, it seems that the neutral AC mole-
cule undergoes a dehydration process on going from the
moderately buffered acidic media to the strong basic aque-
ous solutions. Evidently, the increasing concentration of the
OH  ions must play a key role in this “drying” process.
The proposed hydration/dehydration processes of the AC-
water complexes remind a similar phenomenon previously
observed in the water assisted proton transfer reactions of
the 9-methylbetacarboline, MBC [26, 27]. Thus, we have

@ Springer

Wavelength (nm)

recently shown that the ground and the excited state pyridinic
protonation of MBC in N,N-dimethylformamide-water mix-
tures requires the sequential formation of MBC-water
hydrates upon increasing the number of water molecules
[26]. Conversely, the reverse excited state deprotonation
reaction involves the dehydration, in highly concentrated
NaOH aqueous solutions, of the strongly hydrated MBC
cations [27]. These results point out that, as observed in
other similar reactions, the formation of water clusters in the
hydration sphere of the organic molecules is a fundamental
condition for the proton transfer processes [28—34]. The
cooperative hydrogen bonding among the water molecules
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Fig. 9 Normalized fluorescence spectra of representative aqueous AC
solutions

in these clusters provides, on the one hand, the proton wires
for the sequential hoping of the protons via a Grotthuss like
process [35] and, on the other hand, it modulates the proton
transfer reaction modifying the strength of the substrate-
water hydrogen bonding interactions.

Thus, as we have recently shown in a theoretical study on
the hydrogen bond donor capability and co-operative effects
in the hydrogen bond complexes of some betacarboline
derivatives [36], the strength of the hydrogen bonds can be
changed by changing not only the donor nature, but also by
increasing the number of donor molecules involved in the
hydrogen bond. Concretely, these studies showed that the
specific solvation of a hydrogen bonded donor molecule by
extra donor molecules can vary the geometry of the hydro-
gen bond and, consequently, the relative position of the
hydrogen atom along the region between the two electro-
negative centres. Also, it has been recently reported that
cooperative hydrogen bonding interactions among water
molecules play a key role in the ESDPT of the cyclic 7AI-
water complex [9].

Evidently, the rigorous interpretation, at the molecular
level, of the influence that the acid/base properties of the
aqueous media could have in the hydration shell of the AC
molecules is out of the scope of this paper. However, on the
basis of the above reasoning, it is reasonable to suspect that
the distinct spectroscopic characteristics of the differently
hydrated neutral AC species must be related with the modifi-
cations that these hydration changes induce in the strengths of
the AC-water hydrogen bonding interactions. Thus, in the
moderate acid and basic aqueous media there are, as in the
water-rich organic-water mixtures, enough water molecules to
strongly solvate the neutral AC molecules. Consequently, the
cooperative hydrogen bond among the water molecules in
these highly solvated species strengthens the AC-water hy-
drogen bonding interactions, which, in turns, stabilizes the

hydrates and diminishes the energy of their spectroscopic
transitions. The different magnitudes of the red shifts observed
in the absorption and fluorescence spectra of AC upon
the formation of these poly hydrates indicate that the
strengthening of the AC-water hydrogen bonds is greater in
the excited than in the ground state. Conversely, in the
concentrated NaOH solutions, the strong solvation of the
hydroxide anions considerably reduces the water molecules
available for the AC solvation giving place to a primary
hydration shell similar to that of the AC molecules in the
organic-water mixtures of low water content.

Finally, once the different prototropic species of AC have
been spectroscopically characterized, we can estimate their
excited state pK,s by using the Forster-Weller method [37].
Thus, assuming the entropies of protonation in the ground
and the excited states identical, the pK, difference between
the ground and the lowest excited state, ApKa, may be
estimated from the steady-state absorption or emission spec-
tra using the following equation:

" Nah
ApKa = pKa — pKa = m (Vbase — Vacid)
= 0.0021(Vpase — Vacid) (8)

In this equation, NA is the Avogadro’s number, h is the
Planck’s constant, R is the universal gas constant, T is the
absolute temperature, and v is the frequency of radiation
involved in the transition from the ground to lowest excited
state of the acid, V,¢iq, and base, V., conjugate pair. To
carry out the ApKa calculations we have considered that, as
the spectral data suggest, the deprotonation of C gives the
neutral AC poly-hydrate, N,,, whereas the A species are
formed by deprotonation of the neutral AC di-hydrate, Ng.
Moreover, because of their similar excitation spectra, we
have supposed that these neutral AC hydrates have similar
absorption spectra. Thus, using the mean of the absorption
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Fig. 10 Comparison among the emissions of AC in selected THF-

water mixtures and aqueous solutions
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and emission wavelengths to estimate the frequencies vyg=
28,682 cm !, Vap=27,979 em ', ve=25,575cm ' and v,=
24,266 cm ! the ApKas values of —5.0, and+9.3 for C—N,,,
and Ng—A equilibria, respectively, have been obtained.
Using a similar approach, Waluk et al. [13] calculated ApKa
values of —7.5 and +10.8 for the C—N and N—A equilibria,
respectively. However, since these authors did not consider
the existence of two different neutral species, these data
cannot be directly compared with our data.

According to the Forster-Weller cycle analysis, the pyr-
rolic proton and the pyridine nitrogen atom of AC become,
upon light absorption, more acid and more basic, respec-
tively. This behavior is the expected as compared with
related compounds as 7AI [7] and other carboline isomers
[38]. Thus, with respect to the pyridinic nitrogen atom, AC
behaves as pyridinium and isoquinolinium cations [39],
whereas for pyrrolic deprotonation it behaves as indole or
carbazole [40—42]. Therefore, both the pyridinic and the
indolic moieties retain in part their individual characteristics
after anellation into the AC skeleton.

Conclusions

The progressive addition of water sequentially changes the
absorption and fluorescence spectra of the AC solutions in
DX, THF and DEE. These changes have been attributed to
the formation, at low water concentrations, of a weakly
fluorescent ground state hydrogen bonded AC/(H,0), com-
plex that, further, at higher water concentrations evolves to a
highly aggregated AC/water poly hydrate. Since the long
wavelength emission around 500 nm, typical of the AC
phototautomer, is not observed in the fluorescence spectra
of these AC organic solvent-water solutions, we conclude
that, unlike 7AI, AC does not form the easily phototauto-
merizable 1:1 AC/water cyclic complex.

The changes of the absorption spectra of AC in acid/base
aqueous solutions indicate the ground state equilibria between
the cationic, neutral and anionic prototropic species of AC
depicted in Scheme 1. The analysis of the AC fluorescence
spectra in the acid/base aqueous solutions reveals the exis-
tence of four different excited state AC species: the cationic
and anionic species and the two differently hydrated species
of the neutral AC previously observed in the organic
solvent-water mixtures. The pK, difference between the
ground and lowest excited state, calculated by using the
Forster-Weller cycle, indicates that AC becomes much more
basic (pyridinic protonation) and much more acid (pyrrolic
deprotonation) in the excited than in the ground state.
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