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Photophysics of Nile Blue A in Proton-Accepting and Electron-Donating Solvents
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Nile Blue A perchlorate (NBA) dissolved in nonaqueous and hydrogen-bonding acceptor solvents (triethylamine
and dimethylaniline) exhibits a ground-state intermolecular proton-transfer reaction. In weakly hydrogen-
accepting solvents, the process is enhanced when the concentration of the dye is decreased. The reaction
product, Nile Blue base, regenerates the parent molecule in the excited state via an intermolecular proton-
transfer reaction with the solvent. Picosecond time-resolved fluorescence measurements suggest that the
excited-state intermolecular proton-transfer process and the Stokes shift dynamics occur within 30 ps. In a
weaker base and stronger electron-donor solvent, N,N-dimethylaniline, the fluorescence of NBA depends on
the excitation wavelength. This is explained by a very efficient fluorescence quenching due to excited-state
intermolecular electron transfer and by a reorganization of the solvation shell mainly caused by the excited-

state intermolecular proton-transfer reaction.

1. Introduction

In recent years, the study of excited-state proton-transfer
processes has become of great interest because of its chemical
and biological relevance.! Prototropic effects in the ground and
electronic excited states have been intensively investigated in
a number of dyes and phenol derivatives.!? Among the most
thoroughly investigated systems are naphthol derivatives,!
hydroxyleines,* 7-hydroxycoumarins,” tyrosine,® and 7-azain-
dole.” Other fluorescent dyes which show pH-dependent
photophysics are fluorescein,® benzo[c]xanthene,”~1* and ox-
azine derivatives.!4~16 The photochemistry and photophysics
of these dyes involve important topics in physical chemistry,
namely, (i) the effect the solvent has on the photophysical
process, (ii) the surface crossing, in passing from an initially
reached energy surface to another one, and (iii) the photoinduced
proton- or electron-transfer reactions.

More specifically, the relative concentrations of the oxazine
dye Nile Blue A perchlorate, NBA (NBA*ClO,™), and its
conjugate base, the neutral compound Nile Blue base (NBB)
(Chart 1), in hydrogen-bonding solvents depend on the extent
of the ground-state intermolecular proton-transfer reaction.!6-1°
In fact, in the structure of the oxazine dyes, one can identify at
least one group which can be very sensitive either to the basicity
or to the acidity of the solvent. This would allow the formation
of the conjugate base (or acid) in hydrogen-bonding solvents
by an intermolecular proton-transfer reaction.

Recently, Kreller and Kamat?® reported that cresyl violet
(CV), another oxazine dye similar to NBA, shows changes in
the absorption spectrum upon addition of amine that was
ascribed to the formation of a charge-transfer complex, instead
of the production of a proton-transfer reaction. However, other
workers!'421=2* have assigned these spectral changes of CV to
hydrogen-bonding interactions with the solvent.

In the present work, we give spectroscopic evidence of
ground- and excited-state intermolecular proton-transfer reac-
tions of NBA, in electron-donating and proton-accepting (or
hydrogen atom) solvents, like aniline derivatives. Our main
reason to investigate the behavior of NBA in these solvents is
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because of the discovery of the ultrafast (ca. 100-fs) electron
transfer from N,N-dimethylaniline (DMA) to electronically
excited NBA,? producing a very efficient quenching of the dye
fluorescence. The ultrafast rate of this process suggests that
the electron transfer occurs without solvent fluctuation. The
present work shows the excitation-wavelength dependence of
the proton-coupled electron transfer of NBA in a hydrogen-
accepting and electron-donating solvent such as N,N-dimethy-
laniline.

II. Experimental Section

Materials. Nile Blue A perchlorate (NBA) and oxazine 1
perchlorate (OX1) were obtained from Kodak and used without
further purification. Nile Blue base (NBB) was synthesized
from NBA.!” 1-Chloronaphthalene (1CN) (analytical grade
from Wako Pure Chemicals), triethylamine (TEA) (spectro-
scopic grade from Fluka), and acetonitrile (spectroscopic grade
from Merck) were dried over silica gel before use. N,N-
Dimethylaniline (DMA), from Katayama Chemicals, was vacuum
distilled and stored under nitrogen before use.

Methods. Stationary absorption and fluorescence spectra
were recorded with a Shimadzu (Model PC-310) spectropho-
tometer and a SPEX (Fluorolog 2) spectrofluorimeter, respec-
tively. The optical density of the samples was kept below 0.2
au/cm at the excitation wavelength. Picosecond time-resolved
fluorescence measurements were made with the time-correlated
single-photon-counting method by using a synchronously-
pumped mode-locked dye laser and a microchannel plate
photomultiplier with an instrument response function of 40 ps
FWHM.? Deconvolution of the fluorescence from the laser
pulse allowed us to resolve decay (or rise) times of less than
10 ps. With rhodamine 6G as the laser dye, the excitation
wavelength was tuned at 575 nm. The emission was collected
at the “magic angle”. The time-resolved fluorescence spectra
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Figure 1.. Variation of the absorption spectra of 2.7 x 10~° M NBA
in mixed solvents of 1CN and TEA. Spectra from the top (spectrum
1) to the bottom (spectrum 17) at the red side correspond to [TEA] =
0.0,2.4,3.6,4.8,6.0,84,10.8, 144,179, 21.5,24.1,28.7, 39.5, 50.2,
71.8, 107, and 479 x 1075 M, respectively. Spectrum 18 corresponds
to 3.0 x 1075 M NBB in neat TEA.

were constructed from fluorescence decays recorded at various
emission wavelengths in 5-nm steps. The analysis of the
fluorescence decay was done by a software package designed
for simple and global analysis of fluorescence and anisotropy
decay.?’ The decays and rise of fluorescence were obtained
from the global analysis by linking them together and varying
the preexponential factors at four emission wavelengths (600,
620, 650, and 700 nm). The quality of fit was estimated by
the reduced x2, the distribution of the residuals, and the
autocorrelation function.

III. Results and Discussion

A. Assignment of Ground-State Species. (1) Nile Blue
A and Nile Blue B in Mixed Solvents. Figure 1 shows the
absorption spectra of NBA (2.7 x 1075 M) in mixtures of 1ICN
and TEA, which is a strong base. As 1CN has a similar polarity
and a different ionization potential to those of aniline derivatives,
it was chosen as a reference solvent in the electron-transfer
process between NBA and these electron-donating solvents.?
The figure also contains the absorption spectrum of NBB in
pure TEA (spectrum 18). By comparing these spectra to that
of NBB in TEA alone, one can assign the blue band at 510 nm
to the absorption of NBB which is formed by the ground-state
proton-transfer reaction between NBA and TEA. The depro-
tonation of NBA (or protonation of TEA) can be formulated as

+ Ky + K +
NBA™ + TEA == (NBB~H~TEA)" == NBB + TEAH
(H

where NBA™t stands for NBA+CIO,~ (NBA) and TEAHT for
the protonated triethylamine.

The 21-nm blue shift of the absorption maximum of NBB in
TEA, relative to that of NBB in the mixed solution of TEA
and 1CN, is due to the large difference in polarity between pure
TEA and the mixture TEA/ICN (1:1000). Thus, the polarity—
polarizability (z*) parameter values of TEA and 1CN are 0.14
and 0.71, respectively.?® The most concentrated solution in TEA
was 4.8 x 1073 (spectrum 17), and therefore, the polarity of
the medium was still governed by 1CN.

The absorption spectral features shown in Figure 1 suggest
that the effect of TEA concentration can be divided in two
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Figure 2. Variation of the absorption spectra of 3.5 x 10~ M NBB
in acetonitrile with the addition of acetic acid (AH). Spectra 1-10
correspond to [AH] = 0.0, 3.0, 5.0, 8.1, 11.9, 20.9, 23.8, 35.8, 62.4,
and 107 x 107* M, respectively. The inset is a Benesi—Hildebrand
plot at 630 nm. A is the absorption difference of NBB and NBA at
510 nm.

regions: region I, where the concentration is low, [TEA] < 8
x 1075 M (spectra 1—5); and region II for [TEA] higher than
8 x 1075 M (spectra 6—17). In region I, the absorption in the
blue side is weak, there are no isobestic points, and the formation
of NBB is not evident. We cannot describe the change in
absorption spectra by one equilibrium but rather by the
involvement of three species as shown by eq 1. The first step
in this equation is a prior formation of a complex between NBA
and TEA via intermolecular H-bonding interaction. We do not
exclude the existence of a small amount of NBB.

In region II, the formation of NBB by the proton-transfer
reaction is more evident. There is a clear isobestic point. The
system might be described by the second equilibrium of eq 1.
The Benesi—Hildebrand (BH) plot,? the inverse of the absorp-
tion intensity at 510 nm as a function of the inverse of the
concentration of TEA, is linear (not shown). From the slope
and intercept of the plot, we obtained an equilibrium constant
of 3300 M1, which corresponds to the second equilibrium of
eq 1, and a molar absorption coefficient of NBB, €510 = 26 000
M~! cm™!, which is comparable with that of NBB in neat TEA
(25000 M~ cm™),

To elucidate the ground-state proton-transfer reaction, we
further observed the absorption spectra of NBB in an acidified
inert solvent, namely, mixtures of acetonitrile with acetic acid
(Figure 2).

In this experiment, we started from the neutral form (NBB)
in pure acetonitrile. The corresponding spectrum (number 1)
shows a band at 503 nm and a molar absorption coefficient
€503 = 39000 M~! cm~!. Upon addition of acetic acid, the
intensity of this band decreases, creating a new absorption band
in the red with a maximum at 632 nm (spectra 2 — 10). This
process is the reverse of that taking place in NBA/1CN upon
addition of TEA. The inset of Figure 2 shows the corresponding
BH piot; the deduced equilibrium constant between NBA and
NBB in these media and the molar absorption coefficient at
630 nm corresponding to NBA are 625 M~! and 85 000 M!
cm™!, respectively. The molar absorption coefficient of NBA
in 1CN is 51 000 M~! em™1.3% A previous study of NBA in
mixtures of alcohols and acetic acid has shown the conversion
of all the molecules to the acid form (NBA).!?

(2) Nile Blue A/N,N-Dimethylaniline. The ground-state
interactions between NBA and the solvent molecules were also
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Figure 3. Normalized absorption spectra of NBA in neat DMA at
[NBA] = 120, 3.5, 1.0, 0.7, 0.4, and 0.2 x 10~ M from the bottom
to the top at 510 nm.

investigated in neat DMA, which is a weakly hydrogen-bonding
and strongly electron-donating solvent. DMA has an ionization
potential of 7.12 eV compared with 7.50 eV for TEA.3!

Figure 3 shows the absorption spectra of NBA in pure DMA
at different concentrations of the dye. At [NBA]=1.2 x 1073
M, the absorption spectrum has its maximum at 628 nm and a
shoulder around 505 nm. Dilution of this solution (spectra 1
— 6), with DMA, does not shift the principal band; however, it
increases the relative intensity of the shoulder at 505 nm. In
pure 1CN, we did not observe any change in this region of the
absorption spectrum when we varied the concentration of NBA
in the same range.

To explain the spectral changes shown in Figure 3, we recall
the result of Figure 1 (the formation of NBB due to a ground-
state intermolecular proton-transfer reaction between NBA and
a base) and the general increase in the molar fraction of
dissociation of weak acids upon dilution. Thus, the band at
505 nm results from the absorption of the neutral form, NBB,
formed by a proton-transfer reaction between NBA and DMA.

Oxazine 1, with two diethyl amino groups (NBA has one
amino group and one diethyl amino group), has a comparable
structure to that of NBA. It does not display the phenomenon
exhibited by NBA in the ground state; i.e., the absorption
spectrum does not change with the concentration of dye either
in neat 1CN or in neat DMA. The experiment with oxazine 1
is also consistent with the mechanism of proton transfer in the
ground state for a dilute solution of the NBA/DMA system.

As we noted in the Introduction, Kreller and Kamat reported
the absorption spectra of CV (which has two amino groups in
the oxazine skeleton) in mixtures of methanol and amines.?
They assigned the blue absorption band, which appears when
the solution is rich in amine, to a charge-transfer complex
between CV and amine. However, in more than one study,
hydrogen bonding between CV and solvent is suggested to
explain the chemical and photophysical behavior of CV.1421-24
Our experimental result indicates that the process involves a
ground-state hydrogen-bonding interaction and the formation
of the conjugate base absorbing in the blue side of the spectrum.
A similar result showing the coexistence of neutral (NBB) and
cationic (NBA) forms in neat alcohols has recently been
reported.!8

B. Excited-State Intermolecular Proton Transfer. (1) Nile
Blue A in the Mixed Solvents of 1CN/TEA. Figure 4 shows
the steady-state fluorescence spectra of NBA in the mixtures
of 1CN and TEA, with excitation at 510 nm. Before discussion

J. Phys. Chem., Vol. 98, No. 50, 1994 13133

Fluorescence Intensity (a.u)

550 600 650 700 750 800
Wavelength / nm

Figure 4. Steady-state fluorescence spectra of 2.7 x 107> M NBA in
the mixture 1ICN/TEA. Spectra 1—14 correspond to [TEA] = 0.0, 2.4,
3.6, 4.8, 6.0, 7.2, 8.4, 9.6, 10.8, 12.0, 14.4, 19.2, 24.0, and 28.7 x
1073 M, respectively. The excitation wavelength was 510 nm.
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Figure 5. Variation of the normalized fluorescence intensity of NBA
(27 x 1075 M) in ICN with concentration of TEA. Excitation
wavelengths: 510 nm (*), 590 nm (+) and emission wavelength: 700
nm. Excitation wavelength: 510 nm and emission wavelength: 600
nm (O).

of these spectra, we assign the blue band to the fluorescence of
NBB (Amax = 580 nm) and the red one to NBA (Anax = 675
nm). Excitation of these solutions at 590 nm leads to the
fluorescence of NBA at 675 nm (spectra not shown).

Figure 5 shows a plot of the fluorescence intensity of NBA
at 700 nm when the concentration of TEA is increased and when
we excited it at two different regions (510 and 590 nm) of the
absorption spectrum. The data in Figure 5 have not been
corrected by the relatively small contribution to the total
absorption at 510 and 590 nm of the concentration changes of
NBA and NBB, respectively, upon addition of TEA. We recall
that at 510 nm, the absorption is mainly due to NBB, and at
590 nm, the absorption is mainly due to NBA. The emission
at 700 nm is due to excited NBA.

Figure 5 shows a linear increase of the fluorescence intensity
of NBA at 700 nm in these mixtures when we excited it at 590
nm (spectra not shown). At {TEA] = 1.4 x 107*M, the change
of the fluorescence intensity deviates from linearity. Notice
that upon addition of TEA, the absorption spectrum of NBA
shifts by 5 nm to the blue, which is due to the establishment of
a hydrogen bond with TEA (Figure 1 and eq 1). The increase
of the fluorescence intensity of NBA at the 675-nm band when
TEA was added can be explained by a decrease of the
nonradiative rates due to the establishment of a hydrogen bond
with TEA. Hydrogen-bonded (and ionized) rhodamine B (via
CO;H) is more fluorescent than the ones without,’> and
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protonated benzo[c]xanthene is also more fluorescent than the
neutral one.®

The increase in the fluorescence intensity of NBA follows
the TEA concentration when we excited it at 590 nm,; this is
not the case when it is excited at 510 nm (Figure 5). For a
concentration of TEA lower than 6 x 1075 M (region I), the
fluorescence intensity exhibits a linear increase and shows a
plot different from that when we excited it at 590 nm. This
behavior is just another way to observe the prior establishment
of an intermolecular hydrogen bond between NBA and TEA
prior to full proton transfer. Under these conditions (Aexc =
510 nm and [TEA] < 6 x 1073 M), the excited species is a
“hydrogen-bonded complex” of NBB and protonated TEA. The
increase of fluorescence intensity at 700 nm can be explained
by the formation of NBA in the excited state due to the reverse
intermolecular proton-transfer reaction. However, the NBB
fluorescence intensity does not show any decrease due to this
process. Assuming that the most efficient ways to depopulate
the excited (NBB~H=TEA)* species are (i) the reverse excited-
state intermolecular proton transfer (kpr) to produce excited
NBA and (ii) radiative (k) and (iii) nonradiative (kp,) transitions
to its ground state, a possible explanation for the behavior of
NBB fluorescence in these [TEA] conditions would be the
compensation of the kpr increase with a decrease in kg, both
produced by the change of the medium on the TEA addition.

For [TEA] higher than 6 x 1075 M (region II) and excitation
at 510 nm, the fluorescence intensity of NBA decreases when
adding TEA. This might be the result of the existence of a
nonfavorable solvation shell of NBB in the ground state which
prevents the formation of NBA in the excited state. When the
concentration of TEA is high, the solvation of NBB (other than
hydrogen bonding) by surrounding TEA molecules in the excited
state may weaken the hydrogen-bonding interaction between
protonated TEA and NBB. The reverse proton transfer in the
excited state seems to be affected by the concentration of TEA.

The plot of the absorbance-corrected fluorescence intensity
at 600 nm when the excitation wavelength was 510 nm shows
a small decrease of the fluorescence intensity of NBB when
increasing the concentration of TEA (Figure 5). This seems to
be not in accordance with the decrease of NBA fluorescence
intensity due to the nonfavorable solvation shell of NBB, which
prevents the occurrence of the excited-state proton-transfer
reaction. One plausible explanation would be that at much
higher [TEA] concentration, the k, of NBB in this solvation
shell increases with [TEA], leading to a fluorescence quenching
of NBB.

Proton transfer appears to be predominantly responsible for
the formation of NBB in the ground state, which is also the
case for the formation of NBA in the excited state. Hydrogen-
bonding interactions can play an important role in the photo-
physics of NBA as well as any process that may contribute to
an increase in its nonradiative decay rate.

We note that even in the absence of TEA, NBA in ICN
exhibits a fluorescent band at 600 nm which we attribute to a
small amount of NBB formed by reaction between NBA and
water contained in 1CN. The intensity of this band decreased
when a sufficiently dried 1CN over a silica gel was used.

In Figure 6, we report a picosecond time-resolved fluores-
cence decay of a dilute solution of NBA (3 x 1075 M) in a
mixture of 1CN and TEA (1.5 x 10~* M) at 600 and 700 nm.
The excitation wavelength was 575 nm. At this TEA concen-
tration, the solution may consist of three species of NBB, NBA,
and the “complex” (NBB=~H=TEA)*. The global analysis of
the decays measured at 600—700 nm permits the linking of
lifetimes (in this case, three different lifetimes in four decays)
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Figure 6. Time-resolved fluorescence decay of 3.0 x 10~ M NBA
in mixed solvents of ICN and TEA (1.5 x 107* M) (upper curves).
The excitation wavelength was 575 nm; the emission wavelengths were
600 (a) and 700 nm (b). Also shown is the laser pulse shape (lower
curves) obtained by the scatter light through the detection system; 1
channel corresponds to 4.88 ps. The insets in a and b are the
autocorrelation functions of the residues. The fitting parameters are
(aya = 06,11 =154ns,a,=06,1,=041ns,a; =02,t3=30 ps,
2=102. )@ =09, =154ns,a,=03,4=041ns, a5 =
~0.9, t; = 30 ps, x> = 0.96. g; and 1, are the preexponential factor and
the fluorescence lifetime, respectively.

observed at different wavelengths. The best fit gives a global
x2 of 1.03. The result from this analysis shows that the
fluorescence at different wavelengths of the emission spectrum
leads to two decays of 0.41 and 1.54 ns and a rise of 30 ps at
longer wavelengths (650—700 nm). The 30-ps component
becomes a decay at short emission wavelengths. The subnano-
second component (0.41 ns) does not contribute much in the
decay at the red side of the emission spectrum (greater than
650 nm). Therefore, we attribute this lifetime to that of excited
NBB and 1.45 ns to NBA. The 30-ps decay at shorter emission
wavelengths and rise at longer ones suggests the production of
(i) a picosecond Stokes shift dynamics (spectral relaxation) and/
or (ii) an excited-state reaction in NBB/protonated solvent
leading to the formation of fluorescent species (NBA) in the
red region of the emission spectrum in accordance with the
results of Figure 4.

Figure 7 shows time-resolved emission spectra in the same
experimental conditions. These spectra show a clear spectral
shift at the red band. The blue part of these spectra is affected
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Figure 7. Normalized picosecond time-resolved fluorescence spectra
of 3.0 x 10~ M NBA in the mixture 1CN/TEA: [TEA]= 1.5 x 107
M. The gating times from spectrum 1 to 9 are respectively 25, 49, 73,
98, 122, 171, 293, 488, and 683 ps. The observed window is 15 ps
for every spectrum.

by the cut-off filter (600 nm) used before the detection system
for the purpose of avoiding scattered light from laser excitation
(575 nm).

The dynamics of the Stokes shift are quantified by measuring
the correlation function, C(¢), defined by

C@) = [v(®) — v(0))[v(e=) — v(0)] @)

where ¥(0), v(t), and v(e) are the wavenumbers of the emission
maxima at times zero, ¢, and infinity (fully relaxed).32 Attempts
to calculate this Stokes shift correlation function for NBA
emission were hindered by the small overall shift of the
fluorescence spectrum of NBA (=10 nm) and the overlap
between this spectrum and that of NBB. The Stokes shift
dynamics in the system NBA/ICN has been observed to occur
with the approximate experimental decay of 18 ps.’® Also, the
fluorescence dynamics of NBA in methanol resulted in a two-
exponential wavelength shift of the maximum with a fast
component along with a 20-ps component.>* The slow com-
ponent was assigned to solvation dynamics. A time-resolved
study of NBA in ethanol reported by Martin et al. showed that
the red shift of the transient gain spectra is completed within
20 ps after subpicosecond excitation of the sample.3* Therefore,
the picosecond component (30 ps) of the fluorescence decays
of NBA in a mixture of 1CN and TEA can be assigned to (i)
the time of the reverse proton-transfer reaction in the excited
state which generates NBA after an excited-state intermolecular
proton transfer in the H-bonded complex (NBB~H=~TEA)* and
(ii) Stokes shift dynamics.

(2) Nile Blue A in Neat DMA., After establishing some
photochemical and photophysical processes of NBA in the
presence of a strong H-accepting solvent, we will now study
its behavior in the presence of a solvent which has both an
electron-donating and weakly hydrogen-accepting nature. The
solvent used in this case is DMA.

We recorded the fluorescence spectra of a dilute solution of
NBA in DMA;i.e., [NBA] = 1.2 x 1075 M. Excitation at 490
nm leads to a fluorescence spectrum with two fluorescence
bands with maxima at 578 and 685 nm (Figure 8). However,
excitation at 590 nm gives a very weak fluorescence (not
shown). We note that the maximum of emission of NBA in
1CN is at 675 nm (Figure 4). At a higher concentration of the
dye, the emission at 578 nm is affected by autoabsorption in
this region.

Comparing the spectra of Figure 8 and those of Figure 4
suggests that the blue emission band (578 nm) is due to NBB
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Figure 8. Steady-state (a) fluorescence and (b) excitation spectra of

1.2 x 1075 M NBA in DMA for (a) Aexe = 490 nm and (b) Ay = 580
or 720 nm.
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(as in TEA) and the red emission band (685 nm) is due to NBA
as in 1CN (675 nm). Taking into account that the absorption
maxima of NBA in DMA are at 628 nm and in 1CN are at 650
nm, we suggest that the large Stokes shift in DMA is due to
the stronger interaction between NBA and this solvent. This
interaction can lead to a fast intermolecular electron-transfer
reaction when the configuration NBA—DMA is favorable to
this process.

The red fluorescence (685 nm) upon excitation of the solution
at 490 nm suggests the formation of NBA in the excited state.
After photonic excitation of NBB (which absorbs around 510
nm), solvent relaxation leads one of the protonated solvent
molecules (DMAH™) to give a proton to NBB by an excited-
state intermolecular proton-transfer reaction. Examination of
the pK, upon electronic excitation of NBB (pK, = 4.3,1° pK*,
= 11.3%) and protonated DMA (DMAHT™, pK, = 5.136) agrees
with a possible production of an excited-state intermolecular
proton transfer from DMAH™* to NBB. Thus, on electronic
excitation, NBB becomes basic (pK*, = 11.3) enough to be
able to partially recover a proton from DMAH™, if not fully.
The yield of protonation of NBB depends on the structure of
its solvation shell, the excited-state proton-transfer dynamics,
and the energy barrier of the excited potential energy surfaces
of NBB and NBA. The fluorescence excitation spectrum is both
independent of the emission wavelength and different from the
total absorption spectrum (Figure 8). Hence, both fluorescence
bands at 578 and 685 nm originate from two species having a
common ground-state species (NBB=DMAH™) (chart 1 in
Figure 9).

To explain the “strong” fluorescence (685 nm) due to NBA
in DMA as a result of excited-state intermolecular proton-
transfer reaction, one has to consider two possible structures of
the solvation shell of NBA/DMA: (i) a shell with very weak
or no specific (H-bonding) interactions between NBA and the
molecules of DMA; (ii) a shell where a solvent molecule has
either established a strong NBA—DMA H-bond or removed a
proton from the dye in the ground state (NBB~DMAHM).
Electronic excitation of this solvated H-bonded complex (shell
ii, chart 1 in Figure 9) leads to a proton-transfer reaction
producing excited NBA in a solvation shell different from that
of shell i where NBA is simply solvated by molecules of DMA
(chart 2 in Figure 9). It is worth noting that excitation of shell
i leads to an ultrafast intermolecular electron-transfer reaction
from DMA to NBA, resulting in a severe fluorescence quench-
ing of NBA.25 Therefore, the most favorable solvation shell
for an excited-state intermolecular proton transfer is different
from the ones for an excited-state intermolecular electron-
transfer reaction. The formed NBA in the excited-state proton-
transfer process has a solvation shell nonfavorable for an
ultrafast quenching of fluorescence by electron transfer. The
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Figure 9. Schematic diagram of the potential energy surfaces of NBA
in DMA.

system might need some time to reorganize the surrounding
medium for the occurrence of this reaction (Figure 9). More
than 3 decades ago, Mataga suggested the charge-transfer
interaction between proton—donor and —acceptor s-electron
systems via the hydrogen bond as a possible mechanism of the
fluorescence quenching.’” Recent femtosecond laser photolysis
studies on the mechanisms of photoinduced electron transfer
in l-aminopyrene—pyridine H-bonded complexes have shown
that the process is greatly assisted energetically by specific
H-bonding interactions and also dynamically by a little move-
ment of the protont from the H-donor to the H-acceptor in the
formed H-bond.®® On the other hand, the proton-coupled
electron transfer is a well-elaborated theme in the study of
biological assembly.?®

Regarding the existence of two structures of shells of NBA
in DMA, more interestingly shell ii (chart 1 in Figure 9), one
can expect a multicomponent decay of the fluorescence of NBA
in DMA following the evolution of the solvation shell of the
H-bonded complex NBA=DMA (or NBB~DMAH™") in the
potential energy surfaces. This last situation reflects the case
of a “wide reaction window” in the Marcus theory, where the
solvent plays a role in the electron-transfer dynamics.*? In this
case, the electronic matrix element, responsible for the electron
transfer, depends on the proton-solvation-shell configuration
which will dictate the fluorescence dynamics. A multiexpo-
nential behavior of excited NBA in DMA is expected. This
prediction is in agreement with the biexponential decay of NBA
in DMA (or aniline)?’ and the nature of the decays of OX1 in
DMA (single exponential) and in aniline (biexponential).*! As
we noted previously, OX1 cannot establish a H-bond with DMA,
and consequently, a proton-coupled electron-transfer mechanism
is not possible. This last process ascribes the “narrow reaction
window” case in the Marcus theory, where the solvent does
not move for the cause of the process.** The quenching of
fluorescence of OX1 in DMA is due to a fast electron transfer,
and the process does not depend on the excitation and emission
wavelengths.*! In the case of NBA “solvated” in shell i (with
a very weak or a lack of H-bond with DMA), the occurrence
of electron transfer may not require any proton dynamics.

Further work is needed and is in progress to elucidate the
competition between excited-state electron transfer, H-bonding
interaction, and the nature of multiexponential fluorescence
decays of oxazine derivatives in proton-accepting and electron-

Douhal

donating solvents.*?> Very recently, a theoretical treatment of
the mechanism for proton-coupled electron transfer has been
reported and predicts the dependence of the electron-transfer
rate on the proton configuration and dynamics.*3

IV. Conclusions

In this work, we have shown that the ground-state interaction
of NBA with proton-accepting solvents leads to the formation
of the conjugate base NBB. The process involves an intermo-
lecular proton-transfer reaction. We showed that this ground-
state interaction also depends on the nature of the solvent and
the concentration of the dye. Picosecond time-resolved fluo-
rescence measurements of NBA in a mixture of 1ICN and TEA
suggest that the excited-state proton transfer and the dynamics
of Stokes shift occur within 30 ps. The fluorescence of NBA
in neat DMA depends on the excitation wavelength. When
NBA is produced in the excited state by an intermolecular proton
transfer, the fluorescence is stronger than that of NBA produced
by a simple vertical electronic transition leading to a fast
electron-transfer reaction. It is suggested that the solvation shell
created by the proton-transfer reaction affects the rate of the
excited-state intermolecular electron-transfer process. This gives
experimental evidence on the dependence of electron-transfer
mechanisms on the proton configuration and dynamics of the
oxazine family in aniline derivatives.
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