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The kinetics of exciplex formation of Nmethyl-1-methyl-9H-pyrido[3,4-b]indole, MHN, in the presence of

the proton donor hexafluoro2-propanol, HFIP, in cyclohexane has been studied by UV-vis, steady-state, and
time-resolved fluorescence measurements. The results conclusively show the formation of a 1:2 ground-state
proton-transfer hydrogen bonded complex, PTC, between the pyridinic nitrogen of the substrate and the proton
donor. The formation of these complexes is a necessary prerequisite for the exciplex to be observed. Thus,
upon excitation of PTC, an excited-state equilibrium is established between PTC* and a cation like exciplex,
CL*, 1em 410 nm. This excited-state reaction is assisted by a proton donor molecule. From the analysis of
the multiexponential decays, measured at different emission wavelengths and as a function of HFIP
concentration, the excited-state kinetics of this phototautomeric process has been analyzed in detail.

Introduction Depending on the media, the simultaneous presence of
The dynamics of intermolecular excited-state proton transfer different species can be observed. As an example, for beta-
in hydrogen bonded systems has been attracting considerablearboline in benzene, only the neutral species emit, N,
attention due to its complexity and its great interest in the 360 nm, whereas N*, cation, Ciem 450 nm, and zwitterion,
photochemistry field. In solution, a change of solute dipole Z*, Aem 500 nm, have been observed in pure methanol by Dias
moment induced by electronic excitation initiates a complex et al® Also, for BC in dichloromethane-acetic acid mixtures,
process: Hydrogen bonds can be affected where proton transfeReyman et at. observed the emission of N*, C*, Z*, and a
often happens and/or where the hydrogen bonds may be brokennovel species, which they call a phototautomer, B, 400
Therefore, for a deeper understanding of the dynamics of thesenm. Thus, the simultaneous presence of several species, which
processes it is necessary to know not only the nature of thein principle can be formed from the same or different precursors,
ground-state precursors, but also the molecular mechanism ofmakes it difficult to separate the different equilibria. This is
the excited-state relaxation induced by intermolecular hydrogenthe main reason there is not a complete description of the
bond formation. dynamics of these processes and even controversy between
One of the most challenging problems in this field is the study different authord?:18
of excited state proton transfer reactions in molecules possessing To proach the study of the mechanism of these excited-state
both proton acceptor and donor sites. When either the acidic or proton-transfer reactions, we have selected as the substrate N
the basic moieties of the same molecule become stronger acidgpethyl-1-methyl-9H-pyrido[3,4-bjindole, MHN. In this mol-

or bases in the excited state, proton transfer may occur rapidly gcyle, the pyrrolic nitrogen is blocked, and therefore, the system
to form exciplexes. Thus, the dynamics of these excited stateg simplified because zwitterions cannot be formed.

reactions is usually complicated by the fact that multiple
equilibria and different species can appeatr.

Among the great variety of substrates possessing potential
hydrogen bond donor/acceptor sites, the beta-carboline ring, 9H- N
pyrido[3,4-bjindole, BC, has been widely studied! These
rings are the structural units of numerous naturally ocurring
alkaloids, which possess a wide range of biological and
pharmacological propertiéd.Also, some of them have been
proposed as fluorescence Standéﬁdé’ their fluorescence Previous SpeCtrOSCOpiC studies on the interactions of MHN
activity being highly sensitive to the solvelt!® In these with trifluoroethanol in cyclohexane, carried out in our labora-
molecules, upon excitation by light absorption, the charge tory? provided evidences for the formation, through the pyridine
density on the nitrogen atoms changes considerably, thenitrogen, of two different ground state hydrogen bonded
pyridinic nitrogen becoming more basic and the pyrrolic nitrogen complexes, at low and high trifluoroethanol concentrations,
more acidic in the first singlet excited state than in the ground respectively. The results were interpreted by assuming an
state? As a consequence, the prototropic equilibria of these equilibrium between a 1:1 hydrogen bonded complex, HBC,
molecules are considerably modified in the first singlet excited- and its 1:2 proton transfer complex, PTC, formed through the
state giving rise to the formation of prototropic species under pyridinic nitrogen atom. The 1:2 stoichiometry assumed for the
the appropriate conditions. PTC indicates the specific solvation of the oxygen atom of the
HBC by a second trifluoroethanol molecule. Upon excitation,

T This work was presented at the PP2000 in Costa do Estoril, Portugal, only HBC* and PTC* emissions were observed.
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*To whom correspondence shopuld be addressed. E-mail: carmona@ Recently, in the study Of_ the interaction of MHN with
fafar.us.es. Fax: 34954557174, hexafluoro2-propanol, HFIP, in cyclohexalaye detected the
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appearance of a new species not observed in the MHN- SCHEME 1

trifluoroethanol systeriThis species, created during the lifetime . K, (HEP)

of the first singlet excited state, appeared in a high concentration HN HBC* PTC* ——= CL’
range of HFIP, that is, once the PTC complex had been formed. 1Fim 1Fge Viprg lmu
It showed a fluorescence emission bandt 410 nm similar HN HEG PTG

to that reported by Reyman et al. for the phototautomer P*.
Thus, although we agree with these authors on this species being,, explanation for the inefficiency of oxygen quenching on
a hydrogen bonded complex, we differ with them in its nature. 4ridinium ions, can be found in the literati#e.

According to these previous results, this complex should have

an important extent of the proton shift along the pyridinic Results and Discussion

hydrogen bond. This conclusion is consistent with the red shift ) .

of its emission band, with respect to that of the PTC complex, N @ previous work? we showed that, upon the addition of

and with the long lifetime estimated for this species, around 15 HFIP in a low concentration range, around 40, MHN in
ns. Therefore, hereafter, we will call it a cation like species, Cyclohexane forms a ground-state HBC complex. From time-
CL*. resolved fluorescence experiments, we found that free MHN

and HBC behave as independent fluorophores with lifetimes
i th . | of thi Kis t ‘ detailed of 2.1 and 3.7 ns for free MHN and HBC, respectively. These
reactions, the main goal ot this Work Is to periorm a detalled ¢, ;15 are consistent with values of 1.99 and 3.3 ns obtained

. ; .
stu&d): og_the mec.r::nlstm oL'_the_tfortrQatlont of th? '(t:L exciplex for MHN and HBC with the proton donor trifluoroethanol and
and 1o discern without amoigurty Ih€ nature ot Its precursor. ., he 2 15 ns lifetime measured for free MHN in pure

To this end, we have carried out steady state and t'me're.SOIVEdcyclohexane. On increasing proton donor concentration, a second
fluorescence measurements for the MHNFIP system in

. . . ground-state complex, PTC, was observed. The photoinduced
cyclloh.exane at different HFIP concentrations and different reaction of this second complex seems, as we highlighted in
emission wavelengths.

that paper, to produce a novel species, CL*, which only appears
in the highest concentration range; 361072 M, of HFIP. This
Experimental Section species, was not observed in the MHN-trifluoroethanol system
in cyclohexané. We now describe results obtained from the
study of this species and discuss the kinetics and mechanism

Within our interest to separate the different excited-state

MHN, was prepared as described elsewl?&Ene complex-
ing agent, HFIP, and the solvent, spectral grade cyclohexane,of its formation

were stored 0 4 A molecular sieves. Absorption and fluores- As it will be shown later, the excited state formation of the

cence spectra of t_h_e reagents and the solvents did not Shov‘tL* exciplex can be interpreted according to the general kinetics
indication of impurities. scheme shown in Scheme 1. For the sake of clarity, the scheme

The UV-vis absorption spectra were recorded on a Perkin- corresponding to the low concentration range, where the ground-
Elmer Lambda-5 spectrophotometer. The spectra were recordedsate hydrogen bonded complexes, HBC and PTC, have already
at room temperature ugira 1 cmpath length cell. been formed, is also included.

Stationary fluorescence measurements were carried out in a In this Schemegyn, THsc, and prc are the fluorescence
Hitachi F-2500 fluorescence spectrofluorometer interfaced to a lifetimes of the free and of the two hydrogen bonded complexes
PC for the recording and handling of the spectra. The excitation of the substrate MHNz¢_ is the lifetime of the CL* exciplex,
spectra were recorded in a Perkin-Elmer spectrofluorometerk; is the bimolecular rate constants for the PTC* interaction
650—-40 equipped with a data processor 68178. The spectra  with HFIP to give CL* andk_; is the unimolecular rate constant
were corrected by measuring the instrumental response onfor the back reaction of CL*.
excitation side (rhodamine B) and on emission side (cell The time evolution of the excited-state concentrations of
diffuser). Fluorescence lifetimes were measured with an Edin- PTC* and CL* upon pulse excitation are defined by a well-
burgh Analytical Instruments FL900CD spectrometer employing known set of differential equatiofsvith the general solutions
the time correlated single photon counting technigfu&he

decay curves with (22) x 10* counts at the maximum were [PTCY = z ne "'(i=1,22) 1)
deconvoluted and the quality of the fits analyzed by the

randomness of the residuals and the redycde@<1.2). Each [CL = Z me ' (i=1,2) ()
decay has been repeated at least twice to get a mean lifetime

value. The standard deviations were always less tha2 ns. where the reciprocal lifetimes are

When necessary, global analyses of the decay curves were

performed using the standard program Level 2 supplied by (A+B)TF \/(A+ B)? -+ 4k,k_,[HFIP]
Edinburgh Analytical Instruments based on the tried and tested A= 5 )

Marquardt-Levenberg algorithm. Dilute solutions of MHN
(—10°° M) were used to avoid inner filter effects and re- it
absorption phenomena. We have also checked the effect of
molecular oxygen on lifetime measurements. In principle, it A=K [HFIP] + 1/tprc B=k_;+ 1/t (4)
could be expected an efficient oxygen quenching on the long

lifetime component of the decays. However, the differences in According to the kinetics model in Scheme 1, for PTC* and
lifetime values, obtained in aerated solutions and after bubling CL*, the decays should be biexponential. Furthermore, taking
N2, were within the experimental errors. Thus, the measure- into account the boundary conditions for CL*, preexponential
ments has been carried out in aerated solutions under tem<actors of the same magnitude but different sign should be
perature controlled conditions (2& 0.1 °C). This unusual observed for this species.

behavior has already been observed for cationic derivatives of Figure 1 shows the changes in the emission spectra of MHN
betacarboliné$~15 and other aromatic compounéfsin fact, in cyclohexane upon addition of HFIP in the high concentration
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Figure 1. Emission spectra of MHNHFIP mixtures in cyclohexane,
Aexc = 347 nm, [HFIP] from 9 10% (=) to 5 1072 (—+-+—) M.
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Figure 3. Fluorescence decay of MHN in cyclohexane, weighted
residuals and autocorrelation function for double exponential analysis
of the decaydem = 440 nm,Aexc = 340 nm and [HFIPE 0.05 M.
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2 nm TABLE 1: Fluorescence Lifetimes and Preexponential

_ . o Factors, into Brackets, at 440 nm Emission Wavelength and
Figure 2. Absorption () and excitation, alex= 390 nm ¢{-+) and Different HFIP Concentrations for MHN in Cyclohexane,
410 nm & —) nm, spectra of MHN-HFIP mixtures in cyclohexane, Jex= 340 nm

[HFIP] = 0.01 M.

1% [HFIP)/M /ns 7/ns 1
range of the proton donor. As can be seen in Figure 1, the 2.0 14.15 (0.121) 2.8240.043) 1.262
intensity of the band corresponding to the emission of the PTC* 3.0 14.31 (0.117) 2.5310.062) 1222
. . ) 4.0 14.47 (0.116) 1.98-0.081) 1.150
speciesdem around 365 and 380 nm, decreases on increasing 5.0 14.78 (0.151) 1.8910.084) 1168
donor concentration. Simultaneously, a new bahg,around 6.0 14.91 (0.144) 1.660.083) 1.180
410 nm, is observed. The intensity of this band increases on 7.0 15.05 (0.137) 1.44+0.085) 1.157

increasing HFIP concentration. At this point, it is worth pointing
out that this behavior is not unique to this particular system. longest wavelength, the short component appears as a rise time,
Thus, completely similar changes in the emission spectra arei.e., with a negative preexponential. Figure 3 shows a typical
observed for MHN-HFIP in toluene and for MHN in di- fluorescence decay of MHN in cyclohexanelat, = 440 nm.
chloromethane upon the addition of acetic acid. The lifetimes measured at different HFIP concentrations and
It has been also found that under the experimental conditions440 nm emission wavelength are recorded in Table 1. It will
used, no changes are observed in the absorption spectra. Thbe shown below that the results obtained at 380 nm are the
corrected excitation spectra have been recorded at 390 and 41@ame, within experimental error, and since they give the
nm emission wavelengths, where PTC* and CL* mainly same kinetics constants, they have not been included in this
fluoresce, and compared with the absorption spectra. As it is Table.
typically shown in Figure 2, no appreciable changes are observed According to the mechanism in Scheme 1, the preexponential
among these spectra. factors should have, as observed, different sign, but also similar
Fluorescence decays of the MHKIFIP system in cyclo- magnitude. The differences in their magnitudes, shown in Table
hexane have been recorded at two different wavelengths, 3801, are due to the strong overlap of PTC* and CL* emission
and 440 nmaex— 340 nm, and different HFIP concentrations. bands. In fact, before selecting 440 nm as the wavelength to
These emission wavelengths have been selected in order tacarry out the studies, other wavelengths were tested. Negative
minimize the overlap of the emission spectra of the precursor preexponential factors begin to appear around 420 nm when
and the exciplex, together with the condition of having enough the percent of contribution of CL* to the total emission light is
intensity for the measurements to be carried out efficiently. For higher than 90%. As the emission wavelength is increased, the
both wavelengths, the decays were biexponential with a long preexponential factors become more and more similar. Unfor-
lifetime component increasing and a short lifetime component tunately, the small intensity of the emission from the samples
decreasing on increasing HFIP concentration. Moreover, at theat the longest wavelengths precludes the acquisition of precise
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a TABLE 2: Rate Constants and Lifetimes for MHN —HFIP
07 - System in Cyclohexane, Obtained by Fitting the Kinetic
’ Parameters of eqs 5 and 6 to the Experimental Results
ke 6.6x 1°PM1st
06 ko1 1.5x 107s!
_Tm A TcL 16 ns
-~ TpTC 5ns
§o)
~ 05 - SCHEME 2
£ -
5 0,4 - ° H
N Heeme --2)‘5-—R
03 1 (]3H3 CHg ‘H\"'OS-—R
cL
02 ) i ' the N-pyrido methyl derivative of beta-carboline, which is a
0 2 4 6 8 . . ; .
R model of the beta-carboline cation, emits around 450 nm in
[HFIP]10°/M cyclohexane, a wavelength characteristic of the cation emission.
Similarly, the cation of MHN, which has been observed either
b 5e2 in pure methanol, acidic aqueous solvents, or in pure HFIP,
also emits around 450 rifhand has a lifetime around 222
ns2
For the mechanism in Scheme 1, the reciprocal lifetimes
o, 4e-2 should satisfy the following equations
#O A+ A, =+ K[KFIP] .+ 1ftprc+ 1 kg (B)
o 3e2 and
— [ ]
<
Z ® A+ A=+ Kk (L) [KFIP] + 1frpc (Ko + 1) (6)

262 thus, both the sum and the product of the reciprocal of the
measured lifetimes, should vary linearly with HFIP concentra-
tion. As shown in Figure 4, for the data measured at 380 nm
emission wavelength, the experimental results fulfill the predic-

1e-2 . i . . tions of egs 5 and 6. The same behavior is observed at 440 nm.

0 2 4 6 8 From the plots oft; + A, versus HFIP concentration, slopes of

HFIPT 102/ M (7+£1) 1® and (6.2+ 0.6) 10 M1 s 1 and intercepts of (0.28
[HFIP] + 0.06) 18 and (0.25+ 0.03) 10 s 1 are obtained at 440 and
Figure 4. Plots of a: 11+ 42 and b: A1 A2 versus [HFIP] for MHN- 380 nm, respectively. From thig 1, against HFIP concentration
HFIP system in cyclohexane. Rate constants measured at 380 NMp|ots, the corresponding values are: (0:40.09) 168 and (0.41
emission wavelengttie.= 340 nm. + 0.06) 108 M~ s72 for the slopes and (0.016 0.004) 108
measurements and for this reason they were carried out at 440and (0.0134 0.003) 108 s~2 for the intercepts at the origin,
nm. respectively. As can be seen, the agreement between the values
As mentioned before, the appearance of the band around 410obtained at both wavelengths is excellent. Using the mean values
nm depends on HFIP concentration. Thus, it is obvious that of the slopes and intercepts of the plotsAgfti, and4; 4,
upon excitation, PTC* interacts with another HFIP molecule versus HFIP concentrations at the two different wavelengths,
to produce the exciplex. The appearance of negative pre-the rate constants for this system were calculated, Table 2. The
exponential factors indicates that this exciplex is created during calculated PTC* lifetime in Table 2 is in excellent agreement
the lifetime of the lowest excited singlet state. As mentioned, with the value estimated for this species in the low range of
we believe this band is due to a hydrogen bonded exciplex in HFIP concentrations, around-% ns and also with the value
which the extent of the proton shift is still greater than in the determined in the MHN-trifluoroethanol systéfh.
PTC complex, i.e., a cation like species, CL*. This assumption  According to the results obtained in this study, the novel
is in agreement with the red shift of its emission band and with species, i.e., the CL* exciplex, is formed by the reaction of PTC*
the long lifetime component decays measured at these high HFIPwith a new molecule of HFIP. Therefore, the stoichiometry of
concentrations, see Table 1. It should be noted that the shift ofthis excited state hydrogen bonded complex should be 1:3 or
the fluorescence maxima brought about by the addition of HFIP higher. According to this, we can tentatively assign a structure
is quite large but still smaller than that of the cationic species for this exciplex as depicted in Scheme 2. In this structure, the
upon ionic dissociation in aqueous solutidhsThe same formation of a 1:3 hydrogen bonded complex may be related
occurrences are observed when cyclohexane, toluene, or dito the so-called cooperative effect between hydrogen b&itds.
chloromethane are used as the solvents. Moreover, the longThe oxygen atom in the NH---O bridge of the PTC* should
lifetime measured for this exciplex is also smaller than that of be a stronger proton acceptor than the corresponding atom in
the cation. Thus, this exciplex is not the cationic species of MHN the 1:1 hydrogen bonded complex, HBC, and also stronger than
in which the proton transfer has been completed. Furthermore,the oxygen atom in the free alcohol molecule. Thus, the
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assistance of the third HFIP molecule allows the negative charge  (2) Dias, A.; Varela, A. P.; Miguel, M. G.; Mamita, A. L.; Becker,
to be distributed among the three oxygen atoms of the donor R- S-J- Phys. Chem1992 96, 10 290.
molecules. This weakens the€H bond strength considerably (3) Draxler, S.; Lippitsch, M. EJ. Phys. Cheml993 97, 11 493.
allowing proton transfer to occur, during the fluorescence _ _ (4) Reyman, D.;Pardo, A.; Poyato, J. M. L.Phys. Cheml994 98,
:‘Irfgsrl]ms_i_gl*opogct:l’ll_ireactlon coordinate shifting the equilibrium (5) Baln, M.; Muhoz, M. A.; Guardado, P.; Carmona, Bhotochem.
, o ) Photobiol. 1996 64 (3), 531.

Therefore, the results obtained in thls paper conclu.s[vely show (6) Dias, A.; Varela, A. P.: Miguel, M. G.: Becker, R. S.; Burrows, H.
that the precursor of the beta-carboline exciplex emitting at 410 p.; Macanita, A. L.J. Phys. Cheml996 100, 17 970.
nm, CL*, is not, as previously suggestédhe ground-state (7) Reyman, D.; Vias, M. H.; Poyato, J. M. L.; Pardo, A.. Phys
neutral species, but the 1:2 hydrogen bonded complex, PTC*. Chem.A 1997 101, 768.

The appearance of the spectrum of CL* species of MHN (8) Baln, M.; Carmona, C.; Guardado, P.; Mazy M. A. Photochem.
depends on the proton donor capability and the solvent polarity. Potobiol- 1998 67 (4), 414.
In cyclohexane, it is only observed when the strong proton donor (%) Biondic, M. C.; Erra-Basells, RI. Chem Res. (51998 114.
HFIP is added, but it does not appear with a weaker proton ((l:%)er?q?s);?algg%;fggséy' H.; Camacho, J. J. Photochem. Photobiol.
donor such as trifluoroethanol. However, in solvents of higher y '

. . (11) Reyman, D.; Vias, M. H.Chem. Phys. Lett1999 301, 551.

polarity than cyclohexane, CL* species of MHN are observed ) :
with proton donors of different proton donor capabilities. (12) A"?n’_J' R-Fi _HOI.mSted’ B. _R?hytOChem'.Smggq 191573,
Finally, We Woulq Iikg t(? advance the foIIowing' fact. For lgé:gS%fﬂggmo, K. P.; Skilton, P. F.; Thistlethwaite, PJJPhotochem.
the formation of zwitterionic species, a strong positive charge (14) Pardo, A.; Reyman, D.: Poyato, J. M. L.. MedinaJFLuminesc.
density has to be created on the pyridine nitrogen atom of the 1992 51, 269.
betacarboline ring. Thus, in a previous paper, we postulated that  (15) Sakuros, R.; Ghiggino, K. B. Photochem1982 18, 1.
PTC was the ground-state precursor of Z*. However, in the light  (16) Balm, M.; Hidalgo, J.; Guardado, P.: Mag, M. A.; Carmona, C.
of the results obtained in this paper, we ask the following J. Chem. Soc., Perkin Trans.1®93 99.
question: Are Z* and CL* independently formed via parallel (17) Varela, A. P.; Dias, A.; Miguel, M. G.; Becker, R. S.; Mauita,
reactions of the photoexcited PTC, or are these species coupled?- L- J- Phys. Cheml995 99, 2239.
with CL* being the precursor of Z*?. Further results from our ~ (18) Draxler, S.; Lippitsch, M. EJ. Phys. Cheml1995 99, 2241.

laboratory will allow distinction between these possibilities. (19) Carmona, C.; Gafe M.; Angulo, G.; Mufoz, M. A.; Guardado,
P.; Balm, M. Phys Chem. Chem. Phy&00Q 2, 5076.
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