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Exciplex Formation

Carmen Carmona,* Manuel Balon, Antonio Sanchez Coronilla, and Maria A. Mufioz
Departamento de Qmica Fsica, Facultad de Farmacia, Unérsidad de Salla, 41012 Seilla, Spain

Receied: July 9, 2003; In Final Form: January 6, 2004

The photoinduced proton-transfer reactions of two betacarbolines, 9-méthgyu@do[3,4-blindole, MBC,

and 1,9-dimethyl-Bl-pyrido[3,4-blindole, MHN, in the presence of the proton donor 1,1,1,3,3,3-hexafluoro-
2-propanol, HFIP, are compared. Although MBC is more reactive than MHN, the behavior of both substrates
is similar which indicates that a general mechanism in the exciplex formation of these derivatives operates.
Three reactive excited-state species have been identified: a 1:2 hydrogen-bonded proton-transfer complex,
PTC, between the pyridinic nitrogen of the substrate and the proton donor, a cation-like exciplex, CL, formed
by the interaction of excited PTC with a new HFIP molecule, and finally, excited-state cations, C, which can
be formed by an excited-state reaction from the CL exciplexes and/or simply by direct excitation of ground-
state cations. With the help of the steady-state and time-resolved fluorescence results, the mechanism of
these excited-state reactions has been established and the kinetic parameters determined.

Introduction prerequisite for exciplexes to be observed was the formation of
ground-state hydrogen-bonded complexes with the donor through
the pyridinic nitrogen atom of the substrate: first, a 1:1
hydrogen-bonded complex HBC and second, its 1:2 proton-
transfer complex, PTC. The 1:2 stoichiometry of the PTC
Yndicates the specific solvation of the oxygen atom of the HBC
by a second donor molecule. Upon excitation of the ground-
state PTC complexes, the excited PTC molecules react with
another proton donor molecule to give a hydrogen-bonded
ation-like exciplex, CL*. Because a new donor molecule assists
his reaction, the stoichiometry of this exciplex was postulated
to be at least 1:3. In the case of HN, further reaction of CL*
&vith another HFIP molecule produces Zm ~ 500 nm1®
Although the Chou et al. mechanidfor the exciplex
ormation of the unsubstituted derivative, BC, seems plausible,

hydrogen-bonded complex&15 The structure and stoichi- we believe that a stepwise mechanism, as proposed for HN,

ometry of these complexes could depend on the system underCOUId algo act for BC. In this sense, and as a continuation of
investigation. our previous papéef we have undertaken the study of exciplex

Thus, in the formation of zwiterionic complexes of BC, Z*, formation ot BC_ gnd HFIP. Because_of the low hydrogen nond
with acetic acid in cyclohexane Chou et‘&uggest that the acceptor capability of HFIP, the cyclic complex is unfavorable

excited 1:2 BC/acetic acid cyclic complex, with a structure of with this donor. Therefore, th'.s study will allow us to check
triple hydrogen-bonding formation, is responsible for the whether the stepwise mechanism observed for HN is a general

excited-state proton-transfer tautomerism in this solvent. Ac- mt?rchhanlsm for betacarbollnhe Z).(;'plex format:jon. .
cording to these authors, once this cyclic complex is excited us, trying to separate the different excited-state reactions,

only a small geometry adjustment is necessary for the triple we have started this study with the analysis of the capability of

proton transfer to occur, and Z* species are observed: that is, abC © form the CL* exciplex. To do this, we have synthesized

concerted mechanism works for the exciplex formation of this _9-me_thy|-9—|-pyrido[3,4b]indo|e, MBC, ar_1d studied _its_reactiv-
derivative. ity with HFIP in cyclohexane. As mentioned, a similar study

However, we have recently demonstrated that in the case Ofcarried out previously for MHN showed the appearance of CL*

- : : iplex in equilibrium with excited ground-state P¥EStruc-
harmane, 1-methy49-pyrido[3,4-blindole, HN, the formation excip :
of exciplexes occurs through a different mechanism. Thus, in tres of HN, MHN, BC, and MBC are shown in Chart 1.)
the interaction of 1,9-dimethyl+-pyrido[3,4bjindole, MHN 13 Surprisingly, the MBC/HFIP system in cyclohexane behaves

where the formation of the cyclic complex is blocked, andtfyn ~ differently than the MHN/HFIP system does. As the HFIP
with the proton donor hexafluoro-2-propanol, HFIP, exciplexes concentration is increased up to its solubility limit in cyclo-

were formed through a stepwise mechanism. Undoubtedly, ahexane, the absorption spectrum of MHN does not change, but
small changes in the long wavelength region of the spectra are

* Author to whom correspondence should be addressed. Phone: 34-9-Observed for MBC. Steady-state and time-resolved emission
54556733. Fax: 34-9-54557174. E-mail: carmona@us.es. spectroscopy clearly show the appearance of a new species,

The betacarboline ring, F3-pyrido[3,4-+bjindole, BC, is a
prototype molecule to study the spectroscopy and dynamics of
hydrogen-bonding excited-state proton-transfer reactions. The
simultaneous presence of proton-donating and proton-acceptin
sites in the betacarboline derivatives, pyrrolic and pyridinic
nitrogens, respectively, has revealed interesting photophysical
properties. Thus, upon excitation by light absorption, a drastic
change in the acidbase properties of these nitrogen atoms has
been observed. As a consequence, the existence of differen
phototautomers and/or exciplexes has been repériéd.

For betacarboline proton donor systems in low-polarity
solvents, such as cyclohexane, it now seems generally accepte
that the proper forms for the excited-state reactions are not, as
previously reported? the neutral species but ground-state f
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CHART 1: Structural Formulas the experimental spectra were fitted to logistic asymmetric
functions, optimizing the spectral parameters (amplitude, center,
g N width, and shape) by means of the Marquardt algorithm. The
T "“ goodness of the fits was judged by the correlation coefficient.
H  CHg CHy  CHg As will be seen later, depending on the experimental conditions,
HN MHN PTC* and CL*, CL* and C* or PTC*, CL* and C* are the

observed emitting species. While the CL* and C* spectra consist
@U@ of a unique band system, with maxima around 44230 and
Q@N N N 445-450 nm, respectively, the PTC spectra must be decon-
| | volved in a three-band system. In all the deconvolved spectra,
H the emission maxima calculated for the PTC*, CL*, and C*
bands were the same within-8 nm. Only the intensities of

these bands changed with HFIP concentration. Moreover, the
emission maxima of the PTC* bands agree with those obtained

CH3
BC MBC

different from the CL* exciplex. The study of the MBC/HFIP
L 0
system in mixtures of toluene/cyclohexane, 20% vol/vol, where when PTC* is the only emitting speciéAlso, the emission

HFIP solubility IS higher, undogbtedly ShO\.NS _that the modifica- maxima calculated for the CL* and the C* complexes were in
tions observed in the absorption and emission spectra are due

; N . - __excellent agreement with the values previously reported for the
to the formation of cationic species. Furthermore, these studies <, 13 ; : I
. . n . CL* of MHN?'® and for betacarboline cations in different
also show that excited-state cations, C*, can be formed simply 217
. o . . media?!’ The measurement of the area under the spectrum of
by direct excitation of ground-state cations and/or by an excited- . - .
) each species allows us to calculate the relative quantum yields
state reaction. . .
. _— . at different HFIP concentrations.
Until now, when cationic exciplexes have been observed they

have been supposed to be formed from the excited neutral Thte ;TXCI'[a'[IO? Sgggiga were rctiecqtrﬁedd '? a Perkm-%lg(w)er
molecule. Thus, upon excitation the neutral molecule suffers a Spectrofiucrometer equipped with a dala processor 3

complete proton transfer and emission from the betacarboline0178' The spei:r:ra wer_ei ctprrect%d byr:nf(ejasu_rlng tBhe mztrumetr;]tal
cation is observed. However, the previously mentioned results response on the excitation side (thodamine B) and on the

point to a much more complex mechanism for the cation emission side (cell diffuser). Fluorescence lifetimes were
exciplex formation measured with an Edinburgh Analytical Instruments FL900CD

Because of our interest in understanding the complex pho- spectrophotometer employing the time-correlated single-photon

tophysics of these betacarboline donor systems, this behaviorcoUnting techniqué? The decay curves were deconvolved and

has prompted us to start with the detailed analysis of this cationicthe. quality of the fits analyz.ed by the randomness of.the
species formation. Thus, this paper presents an absorption,reSICquleS and the reduced chl-squares_. Becsause quenching by
steady-state, and time-resolved fluorescence study of the MBC/ moletcular oxygen_w;ls fotund_ttho be n:gllg%i‘éathe Imt(_aasure- d
HFIP system in cyclohexane (CY) and cyclohexane/toluene MENtS Were carried out with nongegassed solutions under
mixtures (CY/TL). Also, and with the aim of comparison, a temperature-controlled conditions (2&). Each decay curve
similar study on the MHN/HEIP system in the same cycloﬁex- has been obtained at different emission wavelengths at two or
ane/toluene mixtures has been carried out. Finally, to analyzeglhree fixed excnattlofn v;avele_r;g:_hs. Globall an;:yss %f ﬁgf’s
the influence of isotopic substitution on the mechanism of ecay curves, at fixed excitation wavelengins an
exciplex formation, we have repeated the study of MBC in pure concentrations, were pgrformed using the standard program
CY using deuterated HFIP, HFIR-All these results will allow Llevel_trzl base(zjd on tlhe dtrtl)edEz(ajr_]dbtest;eA\d I\fla;_rqulalt(ﬂ\t/enber?

us to establish the mechanism of cation exciplex formation and algonthm and supplied by Edinburg Analytical Instruments.
check if the stepwise mechanism proposed for Z* formation

also holds for the cations. Furthermore, the comparison betweenResults

MHN ar_1d MBC will permit us to know if the st_epwise The changes in the UWvis spectra of MBC in pure
mechanlsm can pe considered a general mechanism for th"cyclohexane upon the addition of HFIP, in the very low
betacarboline family. concentration range of the donor (from 2Go 104 M), are
completely similar to those previously observed for MHN.
Thus, MBC forms a 1:1 ground-state hydrogen-bonded complex,

MBC and MHN were prepared as described elsewkefde HBC, through the pyridinic nitrogen atom with HFIP. The slight
complexing agents, HFIP and deuterated HFIP, H&lRnd changes observed in the absorption spectra upon the formation
the solvents, spectral grade cyclohexane and toluene, were store@f this complex make the determination, from absorbance
on molecular sieves. Absorption and fluorescence spectra ofmeasurements, of the association constant for this equilibrium
the reagents and the solvents did not show any indication of difficult. As will be seen later, we can estimate these equilibrium
impurities. constants from time-resolved data.

The UV—vis absorption spectra were recorded on a Perkin-  In the low concentration range of the donor, between*10
Elmer Lambda-5 spectrophotometer. The spectra were recordecand 103 M, once the HBC complex has been completely
under controlled temperature ugia 1 cmpath length cell. formed the U\+-vis absorption spectra of MBC/HFIP in pure

Stationary fluorescence measurements were carried out in acyclohexane changes with the addition of HFIP. Figure la
Hitachi F-2500 fluorescence spectrofluorometer interfaced to a shows, as previously reported for MHRIpathochromic shifts
PC for the recording and handling of the spectra. Dilute solutions and isosbestic points indicating the formation of a second
of MBC and MHN (10> M) were used to avoid inner filter ~ ground-state complex. This complex, formed from HBC and
effects and reabsorption phenomena. Resolution of the fluores-with a stoichiometry of 1:2, is called a proton-transfer complex,
cence profiles of MBC and MHN/HFIP emission spectra into PTC. In the inset of Figure la, the Beneklildebrand plot of
their individual components, PTC*, CL*, and C* has been the absorbance data for PTC formation versus the reciprocal of
performed using the Peak Fit Jandel Scientific program. Thus, HFIP concentration allows the association constant for the HBC/

Materials and Methods
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Figure 1. Changes in the absorption spectra of the MBC/HFIP system
upon increasing HFIP concentration: (a) formation of PTC complexes
in pure cyclohexane; (b) formation of C species in pure cyclohexane;
(c) formation of C species in the cyclohexane/toluene mixtures.
Insets: BenestHildebrand plots for the corresponding equilibria.
[MBC] =2 x 10°° M.
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Figure 2. Van't Hoff plot of the association constants for the HBC/
PTC equilibrium of MBC/HFIP in pure cyclohexane.

TABLE 1: Apparent Association Constants and
Thermodynamic Parameters for the Formation of the
Ground-State Hydrogen-Bonded Complexes, HBC, PTC, and
C of the MBC/HFIP and MHN/HFIP Systems in Pure
Cyclohexane and in Cyclohexane/Toluene Mixtures

MBC MHN
PTC C PTC

Pure Cyclohexane
3134 24
2016 32

HBC HBC

3533

Kso /M -1
2488

Kos /M -1 >4000

> 8000

Kso /M -1
Kss/M -1
Kao /M -1
AHO /kJ mol?

1092
736

~74

61
100
125
68

1866

1265
1073
—47

—187 258 —92

HFIP-din Pure Cyclohexane
2564

Cyclohexane/Toluene
Kas /M1 1760 0.78

a[MBC/MHN] = 2 x 107% M. P Taken from ref 12.

AS /] moliK~1

Kos/M -1

1873 0.84

PTC equilibria to be obtained (see Table 1). Also, the influence
of temperature on these association constants has been studied.
The thermodynamic parametersH® and AS’, obtained from

a van't Hoff plot (see Figure 2) have been recorded in Table 1.

However, for MBC/HFIP in pure cyclohexane the increase
of HFIP concentration up to its solubility limit in cyclohexane,
~9 x 1072 M, gives rise to the appearance of an important
difference between the MHN/HFIP and MBC/HFIP systems.
Thus, while the absorption spectrum of MHN does not change,
small changes are observed in the long wavelength side of the
absorption spectra of MBC (Figure 1b). As can be seen imme-
diately, these modifications, clearly observed in cyclohexane/
toluene mixtures, are due to the formation of the ground-state
cationic species C. From the corresponding BenEddebrand
plot (see the inset in Figure 1b) the value reported in Table 1
can be estimated for the ground-state PTC/C equilibrium con-
stant of the MBC/HFIP system in cyclohexane. The thermo-
dynamic parameterdyH® andAS’, obtained from a van't Hoff
plot for this equilibrium have been also recorded in Table 1.
As can be seen in this table, different from the behavior observed
for HBC/PTC, the PTC/C equilibrium is an entropy-controlled
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process. This uncommon behavior might be related to the 250
complete proton transfer necessary for the cation formation.

As mentioned, the kinetic isotope effect has only been studied 2000 -
for MBC in pure cyclohexane. The behavior observed in the I
presence of HFIRFis completely similar to that described for  “r
the non-deuterated donor. From the changes of the absorption
spectra of MBC upon the addition of HFRthe corresponding
association constant for the HBC/PTC equilibrium has been 1000 1
calculated (see Table 1).

In the cyclohexane/toluene mixtures the spectral changes 500 -
observed for the MBC and MHN/HFIP systems are completely / R
similar to those described for MBC/HFIP in pure cyclohexane. SEEE
Ground-state HBC and PTC complexes are formed. Again, the 350 400 450 500
formation of HBC complexes only produces slight changes in A (nm)
the absorption spectrum, and therefore, the ground-state MBC/

HBC equilibrium constant cannot be calculated from these 1000

1500 -

[HFIP]

measurements. From the changes in the absorption spectra upon

PTC formation, the HBC/PTC equilibrium constants for both b
systems are calculated (Table 1). The increase of HFIP %] \L ~

concentration up to 0.9 M, its solubility limit in cyclohexane/ [ ZNNN

toluene mixtures, produces clear changes in the absorption " 0o ) \\\§
spectra. These changes are shown for the MBC/HFIP system ; NS
in Figure 1c. A new absorption band centered around-380
390 nm, which can be safely ascribed to the formation of
cationic species C, grows up with increasing donor concentra- )
tion. From the corresponding Benesiildebrand plot (see the 200 1 \\\\
inset in Figure 1c) the values in Table 1 for the PTC/C R
equilibrium constants in this medium can be calculated. 0

The changes in the fluorescence emission spectra upon 350 400 450 500 550
changing the donor concentration are completely similar for A (nm)
MBC/HFIP and HFIPd in cyclohexane and the MBC(MHN)/
HFIP systems in the cyclohexane/toluene mixtures. These
modifications are shown in Figure 3 for MBC/HFIP in pure 500 ~ . C
cyclohexane. For the sake of clarity, the spectral changes have )
been independently analyzed at different ranges of donor 400 // \‘\
concentrations. The region of the lowest HFIP concentration I, [N \
range, from 10° to 10~* M, where ground-state MBC(MHN)/ 300 4 //,/,’-—\ "\\ \
HBC equilibrium is established, has been omitted because, as
will be seen later, these species behave as independent fluoro-
phores and, therefore, do not participate in the excited-state
reactions. Figure 3a shows the changes of the emission spectra,
Aexc= 335 nm, in the low range of HFIP concentrations, where
ground-state PTC complexes are being formed. As can be seen
in this figure, an isoemissive point and a shoulder around 415
nm clearly appear in the spectra. In a higher HFIP concentration
range, where ground-state cationic species are not still being A (nm)
formed (Figure 3b) the spectra &, = 355 nm show a neat  Figure 3. Changes in the emission spectra of the MBC/HFIP system
isoemissive point and the development of a band centered atin pure cyclohexane upon increasing HFIP concentration: (a) low
430 nm. This band, although widened and shifted to the red, is concentration range of HFIRex. = 335 nm; (b) medium concentration
reminiscent, at least at the lowest HFIP concentrations in this '819€,4ec = 355 nm; (c) high concentration range.. = 380 nm.
figure, of the band previously observed for MHN/HFIP in pure [MBCl =2 x 10 M.
cyclohexane. In the latter systems, this band was ascribed o\ 1iN)/HFIP in the cyclohexane/toluene mixtures. In the lowest
the formation of CL exciplexes from excited PTC. Finally, in  |r1p concentration range, from 10to 104 M, these studies

the highest HFIP concentration range, from 3@ 10°* M, have only been performed for MBC/HFIP in pure cyclohexane

the emission spectra in Figure 3¢ have been obtainégat- just to check whether this system behaves as MHN/HFIP does.
380 nm. As can be seen in the absorption spectra (Figure 1b,C\we found that, as previously reported for MHRS MBC and

at this wavelength only ground-state cations absorb. In the ;s HBC behave as independent fluorophores, that is, as
recorded emission spectra (Figure 3c) the growth of a very broad mentioned before, they do not participate in the excited-state
emission band centered at 4460 nm can be clearly observed.  gactions. The lifetimes measured for MBC and its correspond-

In all the cases, the corrected excitation spectra, at differenting HBC are 2.5 and 4.5 ns, respectively. These results are
emission wavelengths and HFIP concentrations, agree well with consistent with the lifetimes measured for free MHN and its
the observed absorption spectra. HBC with HFIP in pure cyclohexane, 2.1 and 3.7 ns, respec-

Time-resolved fluorescence studies have been also carriedtively, and with the value obtained for free MBC in cyclohexane,
out for MBC/HFIP and HFIRd in cyclohexane and for MBC- 2.5 ns.

[HFIP]

[HFIP]
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TABLE 2: Lifetimes and Preexponential Factors (in and excitation wavelengths and fixed HFIP concentrations. This
Elarc?rrgggesr?csg ggzzingdatt)yD('?fIgrt:aﬂtA()nt?gsrlSagz);h\?v avelengths procedure has been repeated at different donor concentrations.
u yS, I vati \% , ;
of MBC/HFIP in the Cyclohexane/Toluene Mixtures? Although the data support acceptance of three_de_cay times, the
values of the preexponential factors and the lifetimes are not

Aem/nm 1 /ns 2/ns 3/ns well determined. This is illustrated in Tables 2 and 3 where the
420 154+ 3(0.009) 7.2£0.6(0.216) 3.7 0.7 (0.211) global analysis of the decays for MBC/HFIP at different
igg ﬁi % (8-883) g-% 8-8 (8-885) iﬁ (8-82‘3‘) emission wavelengths and fixed [HFIP] are reported in cyclo-
440 154+ 2 g0:0193 6t 1'(OF0'96) ) or 1(((5.032)) hexane/t_oluene mixtures and in pure cyclohexane, rgspect_ively.
450 16+ 2 (0.022) 7+ 1 (0.095) 2+ 2 (0.024) As mentioned, this suggests that the actual uncertainties in the

recovered lifetimes are larger than those expected from the
asymptotic standard errors, this behavior being more evident
when closely spaced lifetimes are involved. Furthermore, it has
been reported that in the case of biexponential decays recovery
Because MBC and its HBC in cyclohexane behave as Of accurate lifetimes is extremely difficult if the values differ
independent fluorophores, the preexponential factorsf their by less than 2-fold? This is even worse for a three-fluorophore
lifetimes, z;, contributing to the signal at zero time can be used System. As the lifetimes become closer together the parameter
to evaluate the ground-state formation constant of the HBC values become more highly correlated and it is difficult to know
complex. Thus, when both components MBC and HBC are the true uncertainties. . _
irradiated with a light source of the same intensity and the  Thus, although the quantitative analysis of the dynamic results
fluorescence is collected for the same amount of time the iS intractable, some significant features, which can help in the

2[HFIP] = 1.92 x 1073 M, Zexc = 325 nm,y% = 1.093. [MBC] =
2 x 107° M. P Decay curve with 3x 10* counts at the maximum.
¢ Decay curves with Ix 10 counts at the maximum.

preexponential factors can be writter? as understanding of the mechanism of the excited-state processes,
can be inferred from the results. As shown in Table 2 for the
Ocedr t 1 MBC/HFIP system, in the low HFIP concentration range, where
0“I CI €| ¢I TI ( )

ground-state PTC is being formed, a short and a medium lifetime
d around 3-4 ns and 6-7 ns and a long lifetime, 1516 ns, are
observed. On the basis of previous results, the shortest lifetime
can be tentatively assigned to the HBC species, the medium
lifetime to the PTC species, and the longest lifetime to CL
exciplexes. In fact, a lifetime of 16 ns was previously reported

for the CL exciplex of the MHN/HFIP system in pure cyclo-

2) hexane'
Ovec PmsC THec Furthermore, at the shortest wavelengths,-3880 nm, where

) . mainly HBC and PTC complexes emit, the long lifetime
Assuming thatrec/pvsc ~ 1, the changes of the preexponential - component is not observed and the decays are biexponential.

factors of MBC and HBC with the changes of HFIP concentra- Thys, for MBC/HFIP in the cyclohexane/toluene mixtures and
tion allow us to estimate the MBC/HBC ground-state equilib- 5 [HFIP] of 1.92x 1073 M, we get biexponential decays with
rium constant from eq 2. This value together with the value for ,2 = 1147 and lifetimes around 3 and 6 ns. Although the
MHN/HFIP system, taken from a previous wdfkhave been  medium lifetime seems to decrease with the increase of HFIP
recorded in Table 1. concentration, the uncertainties in the results preclude reaching

As the HFIP concentration is increased, the dynamics of the any conclusion. For the above HFIP concentration, at sufficiently
systems studied in the present work also show an interestingjong emission wavelengthéem > 460 nm, the decays are also
and unexpected behavior different from that previously reported clearly biexponentialy? = 1.119, with a long lifetime term
for the MHN/HFIP system in pure cyclohexane. Thus, while around 16 ns d1 = 0.150) and the medium lifetime, 6 ns,
for the latter system the fluorescence decays were always biex-appearing as a rise time{ = —0.051). The appearance of the
ponential, for these systems the decays must be fitted to triex-negative preexponential factors and the fact that at the shortest
ponential functions. As will be seen later, the only exceptions wavelengths the long lifetime term in the decays is not observed
to this assertion are found when the decays are followed in point to CL exciplexes being formed in an irreversible step from
selected HFIP concentration ranges at selected excitation orexcited PTC species. Unfortunately, the small intensity obtained
emission wavelengths. In these cases, biexponential decayst the longest wavelength precludes any quantitative measure-
nicely fit the experimental results. ments on this transformation.

As is well-known, the resolution of multiexponential decays In the medium HFIP concentration range, where the HBC
becomes more difficult as the number of decay times incrédses. complexes no longer exist and ground-state cations are not still
One way to improve the resolution is to perform measurements being formed, the decays were always triexponential functions,
at additional wavelengths and to do a global analysis. In this independent of excitation or emission wavelength (see Table
sense, we have carried out measurements at different emissior8). Thus, apart from excited PTC and CL complexes another

whereg; is the quantum yield of the corresponding species an
the other symbols have their usual meaning. Furthermore, when
the system is excited at the wavelength of the isosbestic point
the ratio of the preexponential factors is expressed by

Q, ) T
HBC:K HBC MBC[HF|P]

TABLE 3: Lifetimes and Preexponential Factors (in Parentheses) Obtained by Global Analysis of the Fluorescence Decays, at
Different Excitation and Observation Wavelengths, of MBC/HFIP in Pure Cyclohexané

Aexc/nm Aem/NM 71/ns 72/ns 73/ns
350 420 18.1 0.5 (0.091) 2.4 0.9 (0.075) 0.6+ 0.5 (—0.052)
325 430 18.0t 0.4 (0.111) 3t 1 (0.047) 0.6+ 0.4 (~0.073)
360 430 18.1 0.4 (0.114) 2.0t 0.9 (0.070) 0.9+ 0.6 (—0.088)
350 430 17.9+ 0.4 (0.110) 3+ 1 (0.037) 0.7+ 0.9 (~0.031)
350 450 18.0t 0.4 (0.132) 2+ 3(0.023) 1.2+ 0.8 (~0.066)
350 470 18.1 0.3 (0.145) 3t 2 (0.015) 1.1+ 0.7 (~0.053)

a[HFIP] = 0.0864 M, = 1.198. [MBC] = 2 x 105 M.
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TABLE 4: Lifetimes and Preexponential Factors (in
Parentheses) Obtained by Global Analysis of the
Fluorescence Decays, at Different Excitation and
Observation Wavelengths, of MHN/HFIP in the
Cyclohexane/Toluene Mixture$

Aexc/NM Aem/NM 71/ns 72/ns

340 415
360 415
370 415
340 420
360 430
340 430
360 440

a[HFIP] = 0.864 M, %2 = 1.177. [MHN] = 2 x 105 M.

TABLE 5: Lifetimes and Preexponential Factors (in
Parentheses) Obtained by Global Analysis of the
Fluorescence Decays, at Different Excitation and
Observation Wavelengths, of MBC/HFIP in the
Cyclohexane/Toluene Mixture8

Aexc/nm Aem/NM 71/ns 72 /ns

300 430
300 450

21.4- 0.4 (0.113)
21.4+ 0.5 (0.116)
300 470 21.5: 0.5 (0.118)

2 (0.026)
(0.012)

2t
3t
3t 2 (0.008)
2t
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2500 A

2000 A

1000 -

500

450

500

A (nm)

550

2000 A

I 1500 -

r

3
2 N
375 440 21.5+ 0.4 (0.115) 2(0.023) 1000 4 / \
2[HFIP] = 0.864 M, % = 1.200. [MBC]= 2 x 1075 M. / \
500 i / /-\/ N
excited-state species must be considered to account for the F L
experimental results. Under these conditions two short lifetime '
terms randomly changing with [HFIP] are observed with the 0
shortest lifetime always appearing as a rise time. The long
lifetime term increases upon increasing the donor concentration.

Finally, at the highest [HFIP], up to 0.9 M, obtained only in
the cyclohexane/toluene mixtures, the decays are again biex- ~ 600
ponential (see Tables 4 and 5). As can be seen in these tables,
because of the small contribution, 1%, of the short lifetime terms 500 1 _
to the total emission, the uncertainties in their values are Righ. /N
The long lifetime component achieves, in the case of the MBC/ I, 400 + / ;
HFIP system, a value of 21 ns which is very similar to the value /
previously reported for betacarboline catidis. Also, the 300 + /’
unreported absorption and emission spectra of MHN in pure :
HFIP correspond to the spectra of the cationic speciéand 200 1
the MHN lifetime is 21.2 ns.

Thus, the first conclusions we can draw, at least from a 100 /,/ \
qualitative point of view, are the following: The reactivity of 4/ AN
MBC, in both the ground and excited states, is similar, although U T i T
higher than the reactivity observed for MHN. Thus, MBC forms 400 450 500 5% 600
ground-state 1:1, HBC, and 1:2, PTC, complexes. Moreover, A (nm)
the formation of CL exciplexes from excited PTC is also Figure 4. Deconvolved spectra of the MBC/HFIP system in the
observed. Furthermore, it seems that even in pure cyclohexaneyclohexane/toluene mixtures: (a) [HFIR] 3.84 x 1073 M, Aexc =
CL exciplexes of MBC react with another donor molecule to 355 nm, PTC (dotted curve), and CL (dashed curve); (b) [HFIP]6
produce cationic exciplexes. x 1073 M, dexc = 365 nm, PTC (dotted curve), CL (dashed curve),

These experimental results prompted us to go back and@nd C (dotted solid curve); (c) [HFIR} 4.32 x 10 M, Aex = 400

. . . . nm, CL (dashed curve), and C (dotted solid curve).
analyze in detail the emission fluorescence spectra in order to
search for the contribution of the different species at the different from PTC and CL bands, must be taken into account to
HFIP concentration ranges. Thus, these emission spectra haveeproduce the experimental fluorescence profiles. This new band
been deconvolved as shown in Figure 4. As can be seen, in thecorresponds to betacarboline cationic spetiéhus, as men-
low concentration range (Figure 4a) the experimental profiles tioned, emission from the cations appears even in a HFIP
are well reproduced with the three bands corresponding to theconcentration range where ground-state cations are not still
PTC complex and the band of the CL exciplex. This is probably observed; that is, they are formed in an excited-state reaction.
so because the contribution of HBC emission can be considered Finally, at the highest concentrations used, and when the
negligible at these HFIP concentrations. The obtained emissionsolutions are excited at a wavelength where only cations absorb,
band for CL exciplexes of MBC;-420 nm, has a maximum  emission from CL and C species is observed (Figure 4c).
wavelength similar to that previously observed for the CL of Although mentioned previously, it is worth remembering that
MHN, 415 nm?3 the maximum and the shape corresponding to the deconvolved

In the medium range of donor concentration (Figure 4b) the bands are always the same independent of the HFIP concentra-
fitting process clearly shows that a band at 450 nm, different tion range analyzed. This fact confirms the goodness of the

350 400 450 500 550

A (nm)

~— N
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SCHEME 1 deconvolved spectra of each species. The experimental condi-
. ) K, (HFIP) tions have been chosen so as to ensure that, under photosta-
MHN/MBC® HBC PIC =— b +=¢ tionary conditions, only one of the possible reactive excited-
M - M e 1\ oo H1he, 1‘ e state species, PTC or C, absorb, and therefore, e@scn be
v simplified. With this in mind, we have first analyzed the HFIP
MHN/MBC=<—= HBC === PTC C concentration region where PTC absorbs and only the PTC/CL

reaction is observed in the excited state (Figure 3a), that is, the
fitting procedure and also confirms that, despite the system beingregion where C exciplexes are not formed. Under these
complex, PTC, CL, and C are the only reactive excited-state conditions, the following relations should hold,
species emitting in these media.

1 @PTC 0 PeL o
Discussion Oprc= 1= | =+ K[HFIP]|——tprc — k_;—77c. (9)
S TPTC PTC (pCL
All these results led us to propose the general kinetic
mechanism in Scheme 1 for the reactivity of betacarbolines with _ 1 PoL o Pp1C 0
HFIP and its deuterated derivative in the ground and the first a=0= ’TCL tk ](pCLTCL 1[HFIP]¢PTCTPTC (10)

singlet excited state. In this schemggc, tHec, andzprc are

the fluorescence lifetimes of the free MBC(MHN) and their according to these relations, the dependence of the relative

HBC and PTC complexes, respectivel;. and zc are the  guantum yields of PTC and CL on HFIP concentration is given
lifetimes of CL and C,k; and k; are the bimolecular rate by the following equations:

constants for the PTC interaction with HFIP to give the CL

and that of CL to produce C, respectiveky.; andk- are the e k 79 JHFIP]
unimolecular rate constants for the back-reactions of CL and —=lt—0 (12)
C, respectively. Pprc 1+k j7¢.

To model the kinetics of the excited-state processes presented
in Scheme 1, the following set of differential equations are and
needed,

- f __dPTCl= ﬁ)(

Yo _ k,tprdHFIP]
+ kl[HFIP])[PTC]* dt — go. 1+ kogme + kyrprdHFIP]

(12)

PTC
Thus, the plot of the PTC quantum yields versus HFIP

!/(‘) k_o[CL]*dt (3) concentration should be linear with an intercept of unity (eq
o 11). As shown in Figure 5a for the MBC/HFIP system in CY/
- ‘/:1 d[CL]* = ﬁ) ( +k,,+ kz[HFIP])[CL]* dt— TL mixtures, the experimental results hold for this equation.
o Also, the calculated relative quantum yields of the CL exciplexes
have been fitted by an iterative Levenbeildarquardt nonlinear

/; ky[HFIP][PTC]* dt — fo ko[C]*dt (4) global fitting to eq 12 (Figure 5b). This latter fit clearly shows

0 of 1 that the termk_, rgL must be considered negligible. That is,
- LC d[C]* = f(; (_0 + k_z)[C]* dt— the back-reaction from CL to PTC, tle; step, is not operative
Tc under these experimental conditions. As can be seen in Table
l/;) mkz[HFIP][CL]* dt (5) 6, the values ok; rch, calculated for all the systems studied

using both equations, are in excellent agreement.

where a represents the light fraction absorbed by the corre- In the highest concentration range of the donor (Figure 1c)

sponding species and the other parameters have the usua‘f\’hen the excitation wavelength is selected so that only the
meaning. Taking into account that [PTC]*, [CL]*, and [C]* cationic species absorb, the following relations should hold,

can be expressed bygkrd@SJmore (pc/e2)re, and 7eo Per 4
(pcle)r, integration of the above equations gives o =0=—k_y7c + |K[HFIP] + |15, (13)
2 TCL (pCL
1 Pp1C 9 PeL o

Q + k [HFIP]|——7pc — k_—7, 6 Pc PcL
PTC ™ [rpm i ]] @O T 0 e © oc=1= + k| 7o — k[HFIP]—=1¢, (14)

r(: 900 (pCL

@
o =0=|[-+k_; + k[HFIP] CLr(C’,_ From these relations, the relative quantum yields for the CL
CL and C species are given by egs 15 and 16,
Pprc Pc
[HF|P] Tch 2 ofg (7) fﬂcL 1 2 OCL
pTC ¥c 1+—— o[HFIP] (15)
PecL K ,tc ST
1 Pc PeL
o= |5tk ] —1¢ — K[HFIP}—=1¢, (8) and
Tc o (PCL
0

Thus, to get quantitative information on the kinetic parameters Pe_ 1+ ke [HFIP] (16)

involved in these excited-state processes, we have calculated e 14 k12 + ko2 [HFIP]

the relative quantum yields of PTC, CL, and C complexes at
different donor concentrations by measuring the area under theAs shown in Figure 6a for the MBC/HFIP system in cyclohex-
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Figure 6. Plots of the relative quantum yields vs HFIP concentration
for the MBC/HFIP system in the cyclohexane/toluene mixtures ac-
cording to (a) eq 15 and (b) eq 16.

Figure 5. Plots of the relative quantum yields vs HFIP concentration
for the MBC/HFIP system in the cyclohexane/toluene mixtures ac-
cording to (a) eq 11 and (b) eq 12.

ane/toluene mixtures, the calculated relative quantum yields of @nd the results in Table 6. As these results made clear, in the
the CL exciplexes satisfactorily fit eq 15. In these cases both 10W range of HFIP concentration CL should be formed from
the direct and reverse steps in the mechanism in Scheme 1 musP TC in an irreversible step, that is,1 must be nonoperative.
be considered to account for the experimental results. From theThis is so because, as mentioned, at these short wavelengths
slopes and intercepts of these plots the kinetic parameters inwhere CL species do not emit, the CL lifetime does not appear
Table 6 have been obtained. Also, the relative quantum yields in the decays. As the [HFIP] is increased, once a significant
of the C species have been independently analyzed by anconcentration of CL is formed it preferably reacts to produce
iterative LevenbergMarquardt nonlinear global fitting to eq ~ cationic exciplexes, that isk, > k-1. This explains the
16 (Figure 6b). The results have also been collected in Table 6.impossibility of finding an adequate concentration range of HFIP
As can be seen in this table, there is an excellent agreemento independently study the PTC/CL transformation by dynamic
between the parameters calculated from both equations for allmeasurements. Also, the triexponential behavior of the decays,
the systems studied. in the medium HFIP concentration range (Table 3) where no
The fulfilment of the above equations confirms that the ground-state cations are observed, is in agreement with the
mechanism in Scheme 1 operates for MBC and MHN. Further- formation of cationic exciplexes. So, as shown in Scheme 1,
more, time-resolved data are also in agreement with Scheme lexcited cations of MBC and MHN can be formed in an excited-

TABLE 6: Excited-State Kinetic Parameters for the MBC/HFIP and MHN/HFIP Systems in Pure Cyclohexane and in the
Cyclohexane/Toluene Mixtures

MBC MHN
kedre /M1 kotd, IM~1 koot2 ketdre /M2 ko2, IM~1 ko2
Pure Cyclohexane
73+ 3 28+ 2d 1.4+ 0.0 3
77+ 2° 29+ 3¢ 1.4+ 0.2°
HFIP-din Pure Cyclohexane
67+ 3° 1394 319 5.0+ 1.¢¢
80+ 2¢ 142+ 3C° 5.0+ 0.9
Cyclohexane/Toluene
95+ 3 6.6+ 0.6 0.90+ 0.06' 464+ 1° 1.7+ 0.1 0.90+0.0¢
110+ 3¢ 6.6+ 0.4 0.90+ 0.0# 60+ 3¢ 1.7+0.1° 0.90+0.0%

aTaken from ref 13P Calculated from eq & Calculated from eq 10! Calculated from eq 13 Calculated from eql14.
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state reaction from CL complexes and/or, when possible, by postulated for the formation of CL exciplexes of MHN and CL
direct excitation of ground-state cations. In any case, a CL/C and Z exciplexes of HN, must be extended to account for the
equilibria is established in the excited state. Dynamic results formation of cationic species.
are also in accordance with this observation. Thus, the facts Finally, it should be remembered that the original purpose
that the long lifetime term in the decays increases on increasingof this work was to demonstrate that zwiterionic exciplexes of
HFIP concentration and that the decays shown in Tables 4 andthe non-methylated derivative, BC, can also be formed, as those
5 are biexponential can be only explained by assuming the of HN, in a stepwise mechanism with the corresponding CL
reversibility of the CL/C step. Otherwise, a constant cation exciplexes as their precursors. Although in light of the present
lifetime, around 22 ns, should have been observed independentesults such a mechanism most likely works for the formation
of HFIP concentration. of BC zwiterions too, the detailed study of such a process seems

The results in Table 6 also confirm that, as mentioned, the intractable. In the BC/HFIP system, PTC, CL, C, and Z
reactivity of MBC, although similar, is higher than that of MHN. complexes can simultaneously coexist even in pure cyclohexane.
Thus, in cyclohexane/toluene mixtures, where all the kinetic As mentioned, to quantitatively solve a system formed by four
parameters for both substrates can be determined, and assuminfjluorophores capable of interacting in the excited state is
that the lifetimes of the different species do not change with extremely complex. Thus, unless the experimental conditions
the media, the formation of excited-state CL and C species is could be carefully selected so as to reduce the number of
favored in the case of MBC. Only the C to CL back-step is exciplexes, the results of steady-state and time-resolved fluo-
apparently of the same order of magnitude for both substrates.rescence measurements on this system will be worthless.
The results also show that the kinetic isotope effect is negligible
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