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Abstract

Temperature effect on electron transfer (ET) rates in coumarin—aromatic amine systems have been investigated in TX-100 micellar solution
using fluorescence quenching measurements. Interesting observation in the present systems is the appearance of Marcus inversion in ET rates
at unexpectedly lower exergonicity, which we explain on the basis of the two-dimensional ET (2DET) theory. Temperature dependent results in
the present systems indicate substantial activation barrier, not only in the normal Marcus region, but also in the inverted region as well as at the
maximum of the Marcus correlation curve. Because of the involvement of the nuclear tunneling via the participation of high frequency vibrational
modes, temperature effects are usually not expected in the true inverted region. It is inferred from the present results that the Marcus inversion
observed in the present systems is actually an apparent inversion, arising at exergonicities much lower than the true barrierless situation, and
consequently show strong temperature effect. On the basis of the 2DET theory, the apparent inversion in these systems is understood to occur
due to persistent nonequilibrium solvation for the reactant state along solvation axis during the progress of the ET reaction along intramolecular
coordinate. Observed temperature effect supports the applicability of 2DET theory and also justifies the observed inversion in the ET rates at
unexpectedly lower exergonicities. Present results demonstrate the observation of apparent Marcus inversion even when the ET reactions are in

the normal exergonicity region (—AG° < A,).
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Extensive studies have been carried out on electron transfer
(ET) processes in homogeneous media to understand the details
of the mechanisms and dynamics of the ET reactions in dif-
ferent systems. From theoretical viewpoint, the most important
feature of the outer-sphere ET reactions is the predicted inver-
sion in the ET rates at higher exergonicities, which is universally
known as the Marcus inversion [1-15]. Though the predicted
Marcus inversion remained a controversy for more than about
two decades since its prediction in 1956 [14,15], at present there
are several experimental demonstrations of this unique behavior
in homogeneous solutions, showing clear inversion in the Mar-
cus correlation plots for the ET rates with the exergonicity of
the reactions. Most of these experimental evidences for Marcus
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inversion are, however, observed for the intramolecular ET reac-
tions where the donors and acceptors are directly connected by
chemical bonds [16-21]. Another important class of the ET reac-
tions, where Marcus inversion behavior has also been observed
in many systems, is the charge recombination (CR) reactions
in contact ion-pair (CIP) states [22-27]. Contrary to the above
systems, reports on Marcus inversion in bimolecular ET reac-
tions are not only very rare but are also not that convincing in
most cases [28,29], except the reports of Guldi and co-workers
for some ET systems involving fullerens as the reactants [30,31]
and slow electron transfer across zeolite—solution interface by
Fukuzumi et al. [32].

Though extensive studies have been performed on the ET
reactions in homogeneous solutions, similar studies in hetero-
geneous media, e.g. micelles, reverse micelles, proteins, DNA’s,
etc., are not that extensive [33-38]. Studies on the ET reac-
tions in heterogeneous media are reported to have a relevance
to the applications like solar energy conversion and its storage,
especially in suppressing the energy wasting back electron trans-
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fer (BET) processes between the primary ET products [37,38].
Among different heterogeneous media, micellar solutions have
drawn considerable interest of the researchers to investigate the
effect of the topology of the heterogeneous reaction media on
the kinetics and mechanisms of different chemical reactions
[37,38]. In our recent studies on bimolecular ET reactions in
micellar media we have observed clear inversion in the Mar-
cus correlation of the ET rates with the free energy (AG?)
changes of the reactions [39-41]. In these studies, it is inter-
estingly seen that the maxima in the Marcus correlation curves
appear at an exergonicity (—AGY) that is substantially lower
than even the solvent reorganization energy Ags [39-41]. To be
mentioned that from conventional ET theories [1-15], where
solvation coordinate (X) is effectively considered as the reac-
tion coordinate for the ET process, the maxima in the Marcus
correlation curves should appear at the barrierless condition of
—AGY = )4 + Aj, where A and A; are the solvent and intramolec-
ular reorganization energies, respectively. In our micellar ET
studies [39-41], as the onset of the Marcus inversion appears
at an unusually lower exergonicity than expected from conven-
tional ET theory, we explained this observation qualitatively on
the basis of slower relaxation along solvent coordinate (X) in
these systems in comparison to the rate of ET reaction along the
intramolecular coordinate (g), a concept introduced in the well-
known two-dimensional ET (2DET) theory by Sumi and Marcus
[42]. According to 2DET theory, the maximum in the Marcus
correlation curves can appear at an exergonicity lower than the
true barrier-less situation (—AGP = A¢ + A;), if the reactant state
is produced substantially away from the equilibrium solvation
coordinate (X =0) and the state is restricted to remain there dur-
ing the ET reaction along the nuclear coordinate g [39—41].
Heterogeneous media like micelles where solvent relaxation
dynamics is unusually slow, above condition is satisfied to a
large extent, and thus Marcus inversion can be observed at rea-
sonably lower exergonicities [39-41]. To be mentioned in the
present context that Fukuzumi et al. [43] also observed Marcus
inversion in bimolecular ET reactions in heterogeneous systems
like DNA intercalated dyes, where the maximum in the Mar-
cus correlation curve is apparently shifted to an unexpectedly
lower exergonicity, an observation quite similar to ours for the
bimolecular ET reactions in micellar solutions [39-41].
Though the observed inversion behavior for the bimolecu-
lar ET rates in micellar media could be qualitatively explained
on the basis of the 2DET theory [39-41], more studies are
required to understand further details of the ET reactions in
these systems, especially to find supportive evidences for the
applicability of 2DET model. With this aim, in the present work
we have investigated the temperature effect on the bimolecular
ET reactions between coumarin acceptors and aromatic amine
donors in nonionic triton X-100 (TX-100) micellar solution. The
donor—acceptor pairs used in this work are similar to those used
in our earlier study, where Marcus inversion was observed [40].
In the present work, TX-100 micelle has been chosen as the
reaction medium as the charactaristics of this micelle are well
reported as a function of temperature [44,45]. Chemical struc-
tures of the acceptors (coumarin dyes) and donors (aromatic
amines) used in the present work are shown in Scheme 1.

Coumarins (Acceptors):

I'I\fle Et
|
H2N /N /N 0
Me Et
CF3 CF3 CF3
(C151) (C152) (C481)
Me
I
CF3 CF3
(C522) (C153)

Aliphatic Amines (Donors):

NMe, NEt;
DMAN DEAN
Scheme 1.

2. Experimental

Laser grade coumarin dyes {viz. coumarin-151 (C151),
coumarin-152 (C152), coumarin-481 (C481), coumarin-522
(C522) and coumarin-153 (C153)} were obtained from Exci-
ton, USA. Aromatic amines {viz. N,N-diethylaniline (DEAN)
and N,N-dimethylaniline (DMAN)} were obtained from Spec-
trochem (India) or Qualigens Fine Chemicals (India) and were
purified by vacuum distillation just before use. TX-100 was
obtained from BDH and used as received. Nanopure water, hav-
ing a conductivity of ~0.1 wScm™!, was obtained by passing
distilled water through a Barnstead Nanopure Water System and
used for the preparation of the micellar solutions.

A JASCO UV-vis spectrophotometer, model V-530, was
used for all the absorption measurements. A Hitachi spec-
trofluorometer, model-4010, was used for all the steady-state
fluorescence measurements. A time-resolved fluorescence spec-
trometer from IBH, UK, which works on the principle of time-
correlated single photon counting, was used for the measure-
ments of the fluorescence decays. In the present work, a 408 nm
diode laser (<100 ps, 1 MHz) was used as the excitation light
source and a TBX4 detection module (IBH) coupled with a spe-
cial Hamamatsu PMT was used for fluorescence detection. For
the present setup, the instrument response function was ~240 ps
at FWHM. Fluorescence decays were recorded with a verti-
cally polarized excitation beam and fluorescence was collected at
magic angle (54.7°). In the present measurements, temperature
of the solution was adjusted and controlled within an accuracy
of +1 °C, with the help of a cold-finger arrangement and using a
microprocessor based temperature controller (model DS) from
IBH.
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3. Results and discussion
3.1. Estimation of the bimolecular quenching constants

In the present work the concentration of TX-100 micelle in
the solution was kept around 1 mM and that of the coumarin
dyes in the solution were kept about 100 times lower (around
10 wM) than that of the micelles in the solution. With this exper-
imental condition, only a small fraction of the micelles can have
a coumarin molecule in it, and following Poisson distribution
[46] the probability of a single micelle containing more than
one coumarin molecules is just negligible. In the present stud-
ies, the concentrations of amines were, however, varied over a
wide range, from 0 to about 50 mM, such that each micelle can
even have much more than one quencher molecules at the higher
amine concentration range. The temperature of the solution was
varied in the temperature range of 288-303 K. As reported in
the literature, aggregation number and radius of the TX-100
micelle changes almost linearly for the temperature range of
about 283-313 K [44,45]. Thus, in present work temperature
variation was restricted well within the above range to ascertain
the stability and integrity of spherical TX-100 micelles in the
solution [44,45]. The relevant micellar parameters at different
temperatures are listed in Table 1 [44,45,47].

As the volume of each micelle is restricted by the micellar
boundary, assuming that the amine molecules mainly solubilised
in the micellar phase, which is in fact expected because of the
insolubility of the aromatic amines in pure water, the effective
concentration of the amine quenchers in the micelles will be
much higher than the total concentration used in the solution.
As suggested in the literatures [33,34], aromatic amines mainly
reside in the micellar Palisade layer. Therefore, the effective
concentration of the amine quenchers in the micellar Palisade
layer was calculated using the following relation [39-41]:

Nag[ Q]
VeL{[S] — CMC}

[Qlesr = (1)
where Ny is the micellar aggregation number, Vpr is volume of
the micellar Palisade layer, [S]; is the total TX-100 surfactant
concentration used, [Q]; is the total amine concentration used
in the solution and CMC is the critical micellar concentration.
The volume of the Palisade layer was estimated from the knowl-
edge of the radius of the micelle and that of the micellar core
(cf. Table 1). For the present work, the radius of the micellar
core is approximated to be ~25 A [47] for all the temperatures
studied. As reported in the literature, the increase in the size of

Table 1
Micellar parameters of TX-100 at different temperatures

Temperature (K) CMC (mM) Nagg Fmicelle (A) (7s) (ns) [48]
288 0.334 48 37 1.28

293 0.327 64 38

298 0.319 86 44 1.93

303 0.306 112 49

308 0.294 150 54 1.04

For all the temperature the micellar core radius was considered to be 25 A [46].

TX-100 micelle with temperature is mainly due to an increase
in the micellar hydration and aggregation number [44,45], and
the increased micellar hydration is expected to cause mainly an
expansion of the micellar Palisade layer, without causing much
effect on the size of the nonpolar micellar core.

In our earlier studies, it was established that in micellar solu-
tion the coumarin dyes preferably reside in the micellar Palisade
layer [39,40,48,49]. In the present work, absorption spectra of all
the coumarin dyes in TX-100 micellar solutions were recorded,
both in the absence and in the presence of amines. It is observed
that the absorption characteristics of the coumarin dyes remain
almost unchanged even in the presence of quite high amine
concentrations used. These results indicate that there is no sig-
nificant ground state complex formation between the coumarin
dyes and the amine quenchers used [39—41].

Fluorescence spectra of the coumarin dyes in TX-100
micelles were recorded at different temperatures in the absence
and presence of different concentrations of the amines. In the
absence of amines, no appreciable change in the spectral shape
and intensity was observed on changing the temperature of the
solution in the range of 288-308 K. These results suggest that
for the above temperature range the probe in the micelle experi-
ences almost similar polarity for the microenvironment around it
[49]. It is, however, seen that, at all the temperatures studied, the
fluorescence intensity of the coumarin dyes in TX-100 micelle
undergoes substantial quenching in the presence of the amines.
A comparison of the fluorescence spectra of the coumarin dyes in
the micellar solution in the absence and presence of amines indi-
cates that there is no observable change in the emission spectral
characteristics even in the presence of quite high concentra-
tion of the amines used. This excludes the formation of any
exciplex or emissive charge transfer (CT) complex between the
excited coumarin dyes and the ground state amine quenchers
[50]. At all the temperatures studied, the Stern—Volmer plots,
as obtained from steady-state quenching results, always show
a positive deviation at higher quencher concentrations, indicat-
ing the presence of substantial static-quenching [50]. Similar
observations were also made in our earlier works in the micellar
ET reactions at room temperature, and attributed to the close
contact donor—acceptor pairs at high quencher concentrations,
which undergo almost instantaneous quenching following the
photoexcitation of the dyes [39—41]. Due to this strong static-
quenching, it is obvious that the estimated quenching rate con-
stants (kgs) from the steady-state results will always have some
static-quenching contribution. Thus, in correlating the ET kinet-
ics in the present systems with free energy changes (AG?) of the
ET reactions, as will be discussed in the next section, we avoid
these k55 values, but used the quenching constants k1R estimated
from the TR measurements [39—41], as are discussed below.

The time dependent quenching studies for the excited
coumarin dyes by the amine donors were carried out by mea-
suring the fluorescence decays of the dyes in TX-100 micelle
at different temperatures in the presence of different concen-
tration of the amines. It is found that at all the temperatures
studied, the coumarin dyes show single exponential decays in
the micellar solution in the absence of the amines. Addition of
the amines to the solution, however, is seen to cause an enhance-
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ment in the fluorescence decay rates, indicating the presence of
dynamic interaction between the excited dyes and the amine
quenchers. Moreover, in the presence of amines, the fluores-
cence decays of the coumarin dyes are seen to display clear
nonsingle-exponential behavior [39—41].

Fluorescence quenching kinetics in micellar solution have
been the subject of long lasting research interest, and a num-
ber of kinetic models have been proposed to account the nature
of the decays of the excited fluorophores in the presence of
quenchers in the micellar solutions [51-55]. In these models, the
reactants can freely diffuse in the micelle and can also undergo
exchange between the micellar and the aqueous phases. As the
acceptors and donors used in the present work are almost insol-
uble in water, they will mainly reside within the micellar phase
[39—41]. The fluorescence lifetimes of the coumarin dyes used
are all in the nanosecond range (~2 to ~5ns). Thus, during
the excited state lifetime, the exit and entry of the reactants
in the micelles, which mostly occur in the microsecond time
scale [51-55], will have effectively no effect on the observed
quenching kinetics [39—41]. Due to orderliness and considerable
rigidity within the micelle, the diffusion of the reactants inside
the micelle will be much slower than in a homogeneous solution
[39-41]. Comparing the microviscosity of the micellar Pal-
isade layer (n ~ 26 cP [56]), with the viscosity of homogeneous
solvent acetonitrile (n ~ 0.345 cP [57]), the diffusional rate con-
stant kg in micellar Palisade layer (~2 x 108 dm® mol~ s 1) is
expected to be about two order of magnitude lower than in ace-
tonitrile solution (~1.5 x 10'”dm? mol~!s~! [58,59]). Thus,
it is evident that in the present systems the quenching interac-
tion occurs much faster (nanoseconds) than the diffusion of the
reactants in the Palisade layer. Therefore, the common diffu-
sional quenching kinetic model is not applicable for the present
systems. Due to slow diffusion of the reactants, the quench-
ing interaction in the present systems can be better visualized
as equivalent to intermolecular interactions under nondiffusive
conditions, and the distant dependent distribution of the amine
quenchers around excited coumarin dyes will effectively deter-
mine the observed quenching kinetics [39—41]. Accordingly, the
fluorescence decays of the coumarin dyes in the presence of
amine quenchers are expected to show nonexponential behav-
ior [39-41]. In a recent report on long-range electron transfer
across zeolite—solution interface, Fukuzumi et al. [32] have also
observed multiexponential kinetics. These authors have thor-
oughly considered the distance dispersion of the donors and
acceptors in the heterogeneous media while calculating the
average rates of electron transfer [32], following an approach
similar to that of Albery et al. [60]. In this context, approach
of Fayer and co-workers in the analysis of multiexponential
kinetics in micellar media is also worth mentioning [33-36],
although these authors assumed the diffusion of the reactants in
the micellar phase. In the present systems, other than the dis-
tance dependent distribution of the quenchers, multiexponential
fluorescence decay is also expected due to slower solvent relax-
ation than the electron transfer process [39—41], as discussed in
the two-dimensional electron transfer model [42]. Therefore, a
detailed analysis of the observed fluorescence decays implicitly
considering the effects of the distance dependent distribution

of the quenchers and the slower solvation process is extremely
complicated. In the present work, we thus adopted a very simple
approach to estimate the average quenching constants based on
the multiexponential analysis of the decays. Assuming that the
average lifetime (t,y) of the coumarin dyes decreases more or
less linearly with the effective quencher concentration, 7,, can
be expressed as,

(tav) ™" & ko + kg R [Qlegy 2)

where kgR is the effective quenching constant. Under this sit-
uation, measuring the 7,, values of the coumarin dyes in the
presence of different quencher concentrations, the kgR can be
estimated using the standard Stern—Volmer relation as [50],

2 1+ KR o[ Qle 3)
Tav

In the present work, we tried to fit the observed decays fol-
lowing multiexponential analysis and use the fitting parameters
thus obtained to estimate the t,, values of the coumarin dyes in
the presence of different amine concentrations [39—41]. For the
present systems, it is seen that the observed decays fit reason-
ably well with a bi-exponential function. Thus, 7,, values were
estimated as [39-41],

1
Tay = m(Alfl + Ay1p) 4

where 71 and 7, are the respective lifetimes of the fast and slow
components of the fluorescence decays and A and A, are their
respective percentage contributions, as obtained from the bi-
exponential analysis of the observed fluorescence decays. It is
seen that for all the coumarin—amine pairs, the t,, gradually
decreases with an increase in the amine concentration and fol-
lows a linear SV relation (cf. Eq. (3)) within the experimental
error. Typical Stern—Volmer plots for C153-DMAN system at
different temperatures are shown in Fig. 1. Similar plots were
also obtained for other coumarin—amine pairs. Interesting point
to note that unlike the steady-state results, the Stern—Volmer
plots obtained from TR measurements are reasonably linear for

T, /T

1.20 [

1 M 1 M 1

0.00 0.02 0.04 0.06
[Ql o /™M

Fig. 1. Stern—Volmer plot for C153—-DMAN system in TX-100 micellar solution
at 288 (), 298 (O) and 308 K (A). Lifetime of C153 varies from 4.50 to 4.67 ns
within the above temperature limit.



M. Kumbhakar et al. / Journal of Photochemistry and Photobiology A: Chemistry 182 (2006) 7-16 11

Table 2

List of the bimolecular quenching constants (k:fR) and free energy changes (AG®) along with other redox and energy parameters for different coumarin—amine

systems in TX-100 micellar solution

Coumarin Donor Ego (eV) E(C/ICT) (V) ED/D*) (V) AG? (eV) KR (10°M ™! s~y
288K 293K 298K 303K 308K

C151 (I) DEAN 2.85 —1.48 0.59 —0.88 1.13 1.34 1.54 1.83 2.15
C152 (II) 276 —1.46 —0.80 3.36 3.86 4.53 5.05 5.54
C481 (IIT) 278 —1.52 —0.76 470 5.27 5.74 6.42 7.23
C522 (IV) 2.67 —1.51 —0.66 1.11 1.23 1.33 1.67 2.02
C153 (V) 261 —1.54 —0.56 1.06 1.29 1.40 1.72 1.93
C151 (1) DMAN 0.63 —0.84 1.13 1.29 1.41 1.82 2.23
C152 (ID) —0.77 2.64 3.08 3.57 4.12 471
C481 (1IN —0.72 3.71 422 476 5.29 5.87
C522 (IV) —0.62 1.26 1.43 1.57 1.91 2.29
Cl153 (V) —0.52 1.08 1.26 1.43 1.69 1.99

# The error limit in the ky values is +5%.

all the coumarin—amine systems studied, and thus validates our
analysis procedure to obtain the average quenching constant k;lfR.
The kgR values thus estimated for different coumarin—amine
pairs at different temperatures are listed in Table 2.

3.2. Correlation of the quenching constants with the free
energy changes of the ET reactions

Variation of the observed ET rates with the free energy
changes (AGY) of the reactions is one of the very interesting
aspect to investigate, especially to see if the observed variation
shows an inversion at higher exergonicity region, as predicted in
Marcus ET theory [1-15]. For the present systems, AG? values
were calculated using Rehm—Weller relation as [61],

AGO—E<A)—E<C)—E _ < (5)
— T \af C- 0 e

where E(A/A%) and E(C/C™) are the oxidation and reduction
potentials of amines and coumarins, respectively, Egg the excita-
tion energy of the coumarin dyes in the Sy state, e the charge of an
electron, g4 the static dielectric constant of the reaction medium
and ry is the separation between the interacting coumarin and
amine molecules. The E(A/A*) and E(C/C™) values in TX-100
micelle at ambient temperature (~298 K) were taken from our
earlier work and are listed in Table 2 [40]. Since the temperature
coefficients for redox potentials are usually not that large, for
the limited temperature range studied (288-308 K) we approx-
imately assume the values to remain similar. The Eqg values of
the coumarins were obtained from the intersecting wavelengths
of the normalized (peak intensities) fluorescence and excitation
spectra and are also listed in Table 2. In the temperature range
studied, there is no observable change in the shape and position
of the emission spectra. Accordingly the Eqy values were con-
sidered to be similar at all the temperatures studied. As inferred
in Section 3.1, the polarity of the microenvironment around the
probe in the micellar Palisade layer remains more or less sim-
ilar for the temperature range studied. Thus, the same &g value
of ~22.4 [49,62] is considered for the Palisade layer of TX-
100 micelle for all the temperatures studied. For the estimation

of rgy, the radii of the coumarin dyes and amine donors were
calculated using Edward’s volume addition method [63], and
ro was considered to be equal to the sum of the radii of the
interacting amines and coumarin molecules [39—41]. Such an
approximation does not cause any significant error in the esti-
mated AG, as the contribution of the Coulomb term e%/g¢rg
(cf. eq. (5)) in the estimated AGO values is quite less. For differ-
ent coumarin—amine systems, the AG? values thus estimated in
TX-100 micelles following the above considerations are listed
in Table 2. In the present work, since our systems belong to
the outer-sphere ET reactions, it is quite expected that the tem-
perature effect on the AG? values will not be that significant
[1-15]. Temperature effect on the AG? values in ET reactions
mainly arises from the entropy term —TAS°. In charge shift reac-
tions, from temperature dependent studies it has been shown by
Closs and co-workers [64] that due to smaller contribution of the
—TAS term, the AG? values are not that significantly dependent
on temperature. For the present charge separation reactions also
similar situation is supposed to be quite applicable, especially
when the temperature ranges studied in the present work is quite
limited. As suggested by Torieda et al. [65], under the condi-
tion of small nuclear displacements, the effect of anharmonicity
of the vibrational modes on the intramolecular reorganization
energy A is not that significant. Under this situation, the A; for
the ET reactions can be considered to be almost temperature
independent [65]. For coumarin—aromatic amine systems, under
nondiffusive intermolecular ET conditions, the intramolecular
reorganization energy is understood to be not that high (~0.2
to 0.3eV [40,66]). Thus, it is reasonable to consider A; to be
effectively temperature independent for these systems. As the
polarity of the microenvironment around the coumarin probes
in TX-100 micelle is seen to remain almost similar for the tem-
perature range studied [49], solvent reorganization energy Ag
can also be considered to be effectively temperature indepen-
dent [31,67]. Based on the above considerations, we assume
that the ET parameters for the present systems do not change
to any significant extent with temperature, at least for the small
temperature range studied in the present work.

Typical Marcus correlation plots for the ET rates versus
the reaction exergonicity (—AG"), as obtained for different
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Fig. 2. (A) Marcus correlation plots for the ET rates in the coumarin~-DEAN
systems with the free energy changes of the reaction at different temperatures:
288K (@), 298 K (M) and 308 K (A). Inversion in the ET rates apparently occurs
at around 0.75eV. Data points corresponding to different coumarin dyes are
indicated by Roman numbers I-V, in accordance with Table 2. (B) Arrhenius
plots for different coumarin—-DEAN pairs. It is seen that the plot for C481 dye at
the apparent activation less region (III, symbol @) show lower activation barrier
compared to those of C522 (IV, symbol V) and C153 (V, symbol [J) dyes in
the normal region and C152 (II, symbol A) and C151 (I, symbol A) dyes in the
inverted regions.

coumarin—DEAN pairs at different temperatures are shown in
Fig. 2A. Similar correlation plots were also obtained for differ-
ent coumarin—-DMAN pairs studied in the present work. For
all the temperatures, these plots indicate an inversion in the
ET rates (Marcus inversion behavior) around an exergonicity
of about 0.75¢eV, as are also reported in our earlier works on
micellar ET reactions [39-41]. To be mentined here that in
Fig. 2A, unlike in our earlier report [40], we do not go for any
quantitative correlation of the kgR values with AGY, as the kq
values are quite largely fluctuating in the higher AG? region and
accordingly we do not expect to obtain any meaningful values
for the ET parameters from such correlations, especially as a
function of temperature. Thus, in the present paper we discuss
the results mainly in a qualitative manner, to understand the
temperature effect on the ET rates in micellar solution. As indi-
cated from Fig. 2A, Marcus inversion in the ET rates is evident
beyond an exergonicity of about 0.75 eV, for all the temperatures
studied.

Table 3

Activation energies for different coumarin—aromatic amine pairs

Coumarins AE (kcal mol ™)

DEAN DMAN
C151 (I) 5.72 5.94
C152 (M) 411 5.12
C481 (IIT) 3.80 4.08
C522 (IV) 5.29 5.28
C153 (V) 5.28 5.40

Another important point to be mentioned here that in cor-
relating the quencing constants with AG? values, we always
relied on the average fluorescence lifetimes t,, to estimate the
k:lm values. As discussed earlier, due to statistical distribution
of the quenchers around the fluorophore in the micelle, flu-
orescence decays were expected to follow a nonexponential
behavior. Accodingly, the individual 71 and 75 components of
the fluorescence decays, as we obtained by approximating the
decays as a biexponential function, can not be assigned sepa-
rately to any particular distribution of the fluorophore—quencher
pairs in the micelle. Thus, we feel that the use of 71 and 1>
components independently to estimate one fast and one slow
quenching contants for the present systems will not carry any
physical meaning. On the contrary, use of t,, gives the estimate
of the average quenching constants which is quite meaningful
to give the average picture of the micellar ET systems.

For the present systems, it is seen that within experimental
error, the temperature dependent kgR values correlate well with
the Arhenius type of correlation [68], where In kIR varies lin-
early with 1/T. Typical Arrhenius plots for coumarin-DEAN
pairs are shown in Fig. 2B. From the Arrhenius plots, the
activation energies (AE) have been calculated for different
coumarin—aromatic amine pairs and are listed in Table 3. From
these temperature dependent results following interesting points
can be noted. (1) For all the coumarin amine pairs, independent
of AG, the kg R values are temperature dependent and follow
the linear Arrhenius type of correlation. (2) Though the activa-
tion barrier is much higher for the coumarin amine pairs that
are either in the normal or in the inverted region and quite away
from the maxima of the Marcus correlation plots, the activation
energy for the coumarin amine pairs that are very close to the
maxima of the correlation plots (— AGY ~ 0.75 eV) are also quite
significant. (3) With an increase in the temperature, the Marcus
correlation plots gradually move upwards without showing any
apparent change in the shapes of the correlations. According to
the conventional ET theory [1-15], maximum ET rate should
appear at the barrierless condition (—AG®=2¢+ ;) and this
ET rate should be temperature independent. Temperature effect
on the ET rates in the true inverted region (—AG? > A¢ + 1) is
also expected to be quite insignificant due to the participation
of nuclear tunneling involving the high frequency vibrational
modes [10,11,31,69-71]. In the normal region, however, ET rate
should be strongly temperature dependent, as the free energy of
activation is nonzero and there will not be any nuclear tunneling.
Therefore, if the observed inversion in the Marcus correlation
plots for the present system was true inversion as expected from
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conventional ET theories [1-15], almost no temperature effect
was expected at the exergonicities corresponding to the max-
ima as well as the inverted region (—AGY>~0.75eV). Present
results with substantial temperature effect even in the inverted
region indicate that there is no nuclear tunneling involved for the
present systems. As inferred in our earlier studies [39-41], the
observed Marcus inversion in micellar ET reactions arises due
to slow solvation dynamics, which effectively causes a partial
contribution of the solvent reorganization energy A in deter-
mining the free energy of activation following 2DET model
[42]. Thus, inversion in the Marcus correlation plots in micellar
ET systems seems to be an apparent inversion rather than true
inversion expected normally beyond the barrierless condition of
—AG® = A5 + A;. Accordingly, for the present systems, not only
the coumarin—amine pairs that are at the maxima of the Marcus
correlation plots but also those in the observed inverted region in
Fig. 2A actually correspond to the conditions of —AG® < Ag + A;,
which is truly the normal region on the basis of the conventional
ET theories. Thus, high frequency vibrational modes are not
expected to be involved in these systems, resulting the ET rates
to be significantly temperature dependent.

In the present systems, observed temperature effect even for
the coumarin—amine pairs close to the maxima of the Marcus
correlation plots (cf. Fig. 2A) indicates that these maxima are
not at the true barrier-less condition of —AG? = As + A Itisindi-
cated from Fig. 2A that the maxima in the Marcus correlation
plots for the ET rates appear approximately at an exergonic-
ity of ~0.75 eV, which is quite low in comparison to the total
reorganization energy expected for the present systems. Thus,
considering the polarity of the Palisade layer of TX-100 micelle,
the solvent reorganization energy Xg is expected to be in the
range of about 1.1 eV [40]. For coumarin—aromatic amine sys-
tems, A; is also expected to be ~0.2-0.3 eV [40,66]. Thus, it is
evident that the onset of Marcus inversion in the ET rates for
the present systems occurs at a substantially lower exergonicity
(cf. Fig. 2A) than expected. In micellar solution, it is under-
stood from earlier studies that the solvent relaxation process is
comparatively slower than the ET reaction and thus ET dynam-
ics is not that significantly influenced by solvation dynamics
[39—-41]. Moreover, under the situation of slow solvation, the
reactant state always remains in a nonequilibrium solvent con-
figuration during the progress of the ET reaction and this causes
the A4 to contribute only partially to the free energy of activation
[39-41,66,67]. Accordingly, the inversion in the Marcus corre-
lation plots for these systems occurs at an exergonicity much
lower than true barrier less condition [39—41], making it to be
an apparent inversion.

Under the condition of slow solvent relaxation, as envis-
aged from 2DET theory [42], the effective fraction )»‘;ff of Ag
that contributes to the free energy of activation is related to the
nonequilibrium solvation coordinate X, by the following rela-
tion [39-41,66,67]:

AT = a1 — 2X,) (6)

Though an exact estimate of X is not possible, a rough estimate
can be obtained from the differences in the Stocks’ shifts A(Av)

of the coumarin dyes between micellar solution and a nonpolar
solvent (negligible dielectric relaxation), by using the following
relation [5,66,67]:

2,\SX§ = A(Av) (7)

Considering the present micelle and a nonpolar solvent cyclo-
hexane, the average {A(Av)} value for the coumarin dyes is
estimated to be ~1400 cm™!. Thus, considering A~ 1.1eV in
TX-100 micelle [40], an X, value is estimated to be about 0.28.
Using this X, value, Agff is estimated to be ~0.48 eV for the
present ET systems. This Agff value in addition to the expected
Aj of about 0.2-0.3 eV [40,66], thus, roughly accounts for the
exergonicity of ~0.75eV as observed for the maxima of the
Marcus correlation plots in the present systems (cf. Fig. 2A).
These correlations, though quite approximate, yet indicate that
the solvent relaxation process does not significantly affects the
ET rates in the present systems. Accordingly, present results are
in support of the applicability of the 2DET model for the micellar
ET reactions [39-41].

According to 2DET model, ET can occur along intramolec-
ular coordinate q for any solvent coordinate X. Following this
model, the ET reactions in the present systems can be schemat-
ically represented in terms of the free energy surfaces as in
Fig. 3A or in terms of the free energy contours as in Fig. 3B
[39—42]. As a general description, the dependence of the ET
rate constant on different ET parameters can be expressed by
the following equation [1-15]:

%

ket = Zh—”vezl(zkaT)—‘/2 exp < ki(T; ) (8)
where 7 is the Planck constant divided by 27, V¢ the electronic
coupling matrix element which is determined by the extent of
overlap between the reactant and the product electronic wave
functions, kg the Boltzman constant, T the absolute temperature
and AG" is the free energy of activation for the ET reaction.
Incorporating the concept of 2DET theory [42], the free energy
of activation AG" is not only the function of AGY, s and A, but
also a strong function of Xy, the nonequilibrium solvation coor-
dinate for the reactant state [5,66,67]. If it is assumed that the ET
reaction along g occurs much faster than the solvent reorgani-
zation dynamics, then the X, as it appears for the reactant state
immediately after the photoexcitation will not change much and
thus the free energy of activation AG™ should be expressed as
[5,66,67],

As(1 —2X) + AGO + 1,
AGH(x) = 2t )4: il )

In photoinduced ET reaction, as are the present cases, it is
quite likely that X, can be quite away from the equilibrium
solvent coordinate (X=0). As discussed in the previous para-
graph, a rough estimate gives an X, value of about 0.28 for
the present systems, which suggests a substantial displacement
of the reactant state from the equilibrium solvent coordinate.
Thus, under the situation of very slow solvent relaxation, only
(1 —2X,) fraction of As (cf. Eq. (6)) can only effectively con-
tribute in determining AG”(X). Accordingly, the inversion in the
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Fig. 3. (A) Qualitative free energy (FE) surface crossings between reactant
and product states at different exergonicities of the ET reactions, as envisaged
from 2DET theory. (B) Isoenergy contours of the FE surfaces drawn in a two-
dimensional plane for the reactant and product states in relation to the 2DET
theory. The TS curves corresponding to different AGY are indicated by CC,
C/C/, C//C”.

Marcus correlation plots should appear at an exergonicity much
lower than the total reorganization energy of A+ A;, and obvi-
ously much before the condition of the true barrierless situation
is reached.

In Fig. 3A and B, the free energy crossing curve CC between
the reactant and the product states is the actual transition state
(TS) curve for the 2DET reaction. To be mentioned that on
the basis of conventional ET theory, the single crossing point
E on the solvation axis X in Fig. 3B should represent the
unique TS for the ET reaction. In microheterogeneous sys-
tems like micelles, it is reported that the solvent relaxation
dynamics are drastically retarded in comparison to that in homo-
geneous solutions [48,49,56,72]. In our earlier ET studies using
coumarin—aromatic amine systems in SDS and TX-100 micelles
it is indicated that the solvation rates in these micelles are either
slower or at the most comparable to the observed ET rates
[39-41]. Therefore, in these micellar solutions, following 2DET
theory, a nonequilibrium solvation condition for the reactant
state will always be prevailed during the progress of the ET reac-
tion along q, as the initial reactant state is produced with a solvent
coordinate X, which is substantially away from the equilibrium
solvent coordinate. Hypothetically assuming that the point S in
Fig. 3B represents the nonequilibrium solvent coordinate X, for

the reactant state, the ET results in the present systems can be
explained on the basis of the following considerations. Suppose
that the CC curve in Fig. 3B represents the TS curve for the 2DET
in the present systems at a particular AG? value. If the AG? is
now changed towards higher exergonicities, the TS curve will
gradually shift to the new positions, namely C'C’, C"C”, etc.
With C'C’ situation, as the TS curve crosses X axis at S, at this
exergonicity the AG™ along ¢ will be effectively zero, causing
the ET rate to become the maximum, even though the reaction
exergonicity is still less than that of the true barrier-less condi-
tion. According to Fig. 3B, the true barrier-less condition should
correspond to the TS curve passing trough the origin of the plot
(g=0 and X=0). For the exergonicity conditions on either side
of the C'C’ situation, e.g. the cases corresponding to the CC and
C"C” curves, respectively, the AG™ becomes nonzero and thus
causes lower ET rates with significant temperature dependence
expected. Accordingly, in the Marcus correlation plots, the CC
and C”C” situations should appear in the apparent normal and
inverted regions, respectively, with the maxima representing the
C'C’ situation. Considering the TS curve C'C’ in Fig. 3B, the
AG" should be zero only for an ideal situation, where the reac-
tant state is confined to the single point S. In reality, however, the
reactant state will have a reasonably wide distribution along X, as
qualitatively shown by the black semicircle around S in Fig. 3B.
Moreover, since the solvent relaxation process is not completely
frozen in the present systems (cf. average solvation times ()
are listed in Table 1), during the progress of the ET reaction
the broadness for the distribution of the reactant state along X is
supposed to be increased to some extent with time. Accordingly,
the ET rates even at the maxima of the Marcus correlation plots
in Fig. 2A are expected to show some temperature effect, rather
than showing complete temperature independence. However, the
temperature effect near the maxima of the Marcus correlation
plots is expected to be relatively less than those at the other exer-
gonicities for the observed normal and inverted region. Observed
temperature effects for the present ET systems thus support the
above predictions. As indicated from Table 2, the estimated acti-
vation barrier for the coumarin—amine pairs closer to the maxima
of the Marcus correlation plots (point III) is about 30% less than
that of the values estimated for the other coumarin—amine pairs
either in the observed normal region (points IV and V) or in the
inverted region (points I and II).

Following conventional ET theory, the ET rates at the true
barrierless condition should be temperature independent. In
the true inverted region also, due to nuclear tunneling the
ET rates was expected to be almost temperature independent
[10,11,31,69-71]. Reasonable activation barrier observed for
all the coumarin—amine pairs, irrespective of their position in
the Marcus correlation plots, thus indicates that the inversion
observed in the present systems is not the true inversion. We
therefore infer that the Marcus inversion observed in the present
ET systems in micellar solution is in fact an apparent inversion
and occurs at exergonicities much lower than normally expected.
Based on 2DET theory we infer that this apparent inversion in the
present systems arises due to the slow solvent relaxation dynam-
ics in the present systems [39—41]. Thus, according to Fig. 3, at
exergonicity corresponding to the TS curve C'C/, it gives the
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apparent maxima in the Marcus correlation plots, even though
the exergonicity —AGY is less than Ag+ A;. For exergonicities
higher than this, and till the TS curve pass through the origin
of the plot (¢ =0 and X =0), exergonicities are less than the true
barrier-less situation. We feel that the data points in the inverted
region of the observed Marcus correlation plots in Fig. 2A are
in fact in the region of —AGY < Ag + Aj, because for the similar
coumarin—aromatic amine systems no inversion was observed
even in the ultrafast ET studies, and thus these systems were
indicated to be in the normal region of the reaction exergonicity
[5,66,67].

While considering the temperature effect on the observed ET
rates, it is very important to know the temperature effect on the
parameters like the free energy change AG and the reorgani-
zation energies, A and A; [69-71]. Following 2DET theory, the
temperature dependent rate equation for ET reaction along ¢
should be explicitly written as [5,7,66-71],

el

2 V2 B {AHYT) — T ASYUT) + A(D)[1 — 2X,] + (D))

inversion and appears much before the true barrier-less situation
of —AG%=A¢+A;. The temperature dependent results on the
ET dynamics in coumarin—aromatic amine systems in TX-100
micellar solution also support the inference that the inversion
observed in the Marcus correlation plots is an apparent inver-
sion. Itis understood that the temperature effect on the ET rates in
the present systems arises due to the activation barrier for the ET
reaction along ¢, and the contribution of solvent reorganization
energy in this barrier is only partial, due to a persisting nonequi-
librium solvent reorganization for the reactant state during the
ET reaction. Present results provide a supportive evidence for
our earlier inference from micellar ET studies [39—41] that the
2DET model is more suitable to explain the ET results in these
heterogeneous media than the conventional ET theories. The
most important finding of the present study is the appearance of
the Marcus inversion in the ET rates even at an exergonicity that
is much lower than the true barrierless situation.

kee(T) = exp

h JAA(DksT

At an arbitrary temperature 7, even though the entropy term
—TAS? is supposed to shift the AG? towards a negative value,
for a small temperature range investigated in the present work,
and with the expectation that the AS? for the outer-sphere ET
reactions is not that large, the effect of the entropy term to AG®
may be considered to be quite small. For the present systems,
temperature effect on the A and A; values are also expected to be
not that large as discussed previously. Thus, the observed tem-
perature effect in the present ET systems is reasonably explained
on the basis of the 2DET theory. Presents results also support
our earlier inference that the observed Marcus inversion in the
micellar ET reactions is in fact an apparent inversion, arising due
to the slow solvent relaxation in micellar media in comparison
to the ET rates. It is important to mention here that a true Marcus
inversion for ET reaction must appear at an exergonicity higher
than the solvent reorganization energy [1-15]. For the present
cases, as the inversion appears much below the solvent reorga-
nization energy (1.1 eV) as estimated considering the polarity of
the micellar Palisade layer [40], it must be an apparent inversion
observed for these systems. This is an unique observation of
apparent Marcus inversion even though the ET systems belong
to the normal exergonicity region.

4. Conclusion

ET in coumarin—amine systems in TX-100 micellar solu-
tion shows inversion in the Marcus correlation plots for the
observed ET rates with the reaction exergonicities. Interest-
ingly, it is seen that the onset of the Marcus inversion in the
present systems appears at exergonicity, which is much lower
in comparison to the total reorganization energy in these sys-
tems. This observation is rationalized on the basis of the 2DET
theory, considering a faster ET rate along nuclear coordinate g,
as the relaxation along solvent coordinate X is comparatively
slower. Present results indicate that the observed Marcus inver-
sion in the ET rates in micellar solutions is in fact an apparent

(10)
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