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Abstract

Photoinduced electron transfer (PET) from N, N-dimethylaniline (DMA) to oxazine 1 (OX-1) is studied in micelles. It is
observed that in anionic (sodium dodecyl sulfate, SDS) and neutral (Triton X-100, TX) micelles the rate of electron transfer
(ET) from DMA to OX-1 is respectively 6.5 and 3 times smaller than that in water, and respectively 162 and 90 times
smaller than that in neat DMA. The lower ET quenching constant in micellar media is ascribed to the greater donor—acceptor
distance in the micelles. © 1999 Elsevier Science B.V. All rights reserved.
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1. Introduction

Photoinduced electron transfer (PET) plays a cru-
cial role in many chemical and biological processes
[1-7]. The rate of electron transfer (ET) depends on
various factors. This includes reorganization energy
of the solvent and the reactants, electronic and vi-
bronic coupling between the initial and the final
states, solvent relaxation and vibrational relaxation.
Recently, several groups reported ultrafast ET rates
faster than the rate of solvation [8—15]. Barbara et al.
[8,9] reported such ultrafast ET for intramolecular
ET in betain dyes and in mixed valence complexes

[10,11]. Yoshihara et al. [12—15], on the other hand,
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reported ultrafast intermolecular ET in neat dimeth-
ylaniline (DMA) and other donors from the solvent
to several acceptors e.g., oxazine 1 (OX-1), nile
blue, coumarins, etc. The ultrafast ET process is
assisted by the solvation coordinate (X) as well as
the intramolecular vibrational modes (g) [13-15].
When the ET process is faster than the solvent
relaxation time, motion of the solvent molecules can
be considered completely frozen during the ET pro-
cess. In this case, the reactants (donor/acceptor)
reach the transition state through motion along a
vibrational coordinate, [1,2,8—18]. Bagchi et al. [16—
18] have recently made a detailed theoretical analysis
of this model delineating the role of different vibra-
tional modes in the ultrafast ET process.

Though PET process in homogeneous solution
has been studied quite thoroughly much less is known
about the PET processes in organized media. In an
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organized medium, the active chemical species is
confined in a small volume. The local dielectric
constant and viscosity of the microenvironments are
often drastically different from those in a bulk liquid
and also the effect of diffusion is minimized in the
confined systems. Such confinement markedly re-
tards the dynamics of many processes. Several groups
have reported. dramatic retardation of the solvation
dynamics in cyclodextrin [19,20], reverse micelles /
microemulsions [21-24], micelles [25], and other
organized media. Similar retardation is also reported
for intramolecular charge transfer processes [26,27]
and isomerization dynamics [28] in these media.

Due to the importance of PET processes in biol-
ogy and the fact that most biological processes occur
in self-organized molecular assemblies, it is impor-
tant to know how different organized assembles af-
fect the PET process. However, there have been
relatively few studies on how the restricted motion
of the donors and the acceptors in organized assem-
blies affect the PET process. Fayer et al. [29,30]
studied photoinduced intermolecular ET from N, N-
dimethylaniline (DMA) to hydrophobic rhodamine
6G (R6G) dyes in three cationic micelles, dodecyl-,
tetradecyl- and cetyl trimethyl ammonium bromide
(DTAB, TTAB and CTAB). Recent small angle
X-ray and neutron scattering studies [31-34] have
revealed detailed information on the structure of
these micelles. These studies indicate that the core of
any micelle is essentially dry and contain the alkyl
chains. The ‘‘dry’’ core is surrounded by a spherical
shell which contains the polar (for neutral Triton
X-100, TX) or the ionic head groups (for cationic
CTAB and anionic sodium dodecyl sulfate, SDS)
and water molecules. The spherical shell is called
Stern layer for an ionic micelle and palisade layer for
a neutral one. NMR [35] and absorption spectra
[29,30] of DMA in aqueous micellar solutions are
significantly different from those in bulk water. This
indicates that on binding to the micelles the DMA
molecules experience an environment different from
bulk water. The observed spectra suggest that the
DMA molecules are located at the Stern layer of the
micelles near the polar head groups where the polar-
ity is less than of water but is higher than that of a
hydrocarbon like environment. The cationic acceptor
OX-1 also stays'in the Stern layer due to its insolu-
bility in the hydrocarbon core.

In the present work, we intend to find out how the .
ultrafast PET process between DMA and OX-1,
which occurs in 0.2 ps timescale in neat DMA [12],
is affected in micelles. Since OX-1 is a cationic dye -
it-is expected to bind strongly with the anionic SDS
and neutral TX micelles but not to the cationic
CTAB micelles. Thus, one need not attach an alkyl
chain to OX-1 to study PET from DMA to OX-1 in
anionic and neutral micelles. The local concentration
of the donor or quencher DMA molecules in the
Stern layer of the micelles is obviously very high.
Thus, at first sight one would expect a very high ET
rate in the micelles. However, we will see that the
ET rate is quite slow in micelles and we wiil discuss
the possible reasons for the retardation of the ET
process in micelles.

2. Experimental

OX-1 (Exciton), DMA (Aldrich) and the surfac-
tants SDS, TX and CTAB (Aldrich) were used as
received. The sample was excited at 600 nm using a
synchronously pumped picosecond R6G dye laser
(Coherent 702-1) pumped by a cw mode-locked
Nd:YAG (Coherent, Antares). The emission was col-
lected at magic angle polarization for lifetime mea-
surement by a Hamamatsu MCP photomultiplier
(2809-U). The typical system response at 600 nm
excitation is about 100 ps. For rotational relaxation
studies, emission intensity at perpendicular (7 | ) and
parallel (/) polarizations were collected alterna-
tively for 100 s. For a typical anisotropy decay a
peak count of 10,000 counts were collected at paral-
lel polarization. The r(¢) is then calculated using the
relation

I(t) —GI (1)
I(t) +2GI (1)

r(t) =

The G factor of the setup was determined using a
dye whose rotational relaxation time is very short
(e.g., nile red in methanol). For quantum yield mea-
surement we used the laser dye 3,3'-diethyloxadi-
carbocyanine iodide (DODCI) in methanol (¢;=
0.49) [36] as standard. The rate constants for the

_ radiative (k,) and non-radiative (k) decay are cal-
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Fig. 1. Emission spectrum of 5X 10~ M OX-1 in water contain-
ing (i) 0 mM, (ii) 3.95 mM and (iii) 7.9 mM DMA.

culated using the relations k, = ¢;/7; and k, =(1
- ¢f)/ Ts-

3. Results

3.1. OX-1 in water

In aqueous solution, OX-1 exhibits a weak emis-
sion with quantum yield, ¢;=0.02 and lifetime,

7y =520 £ 20 ps. Its rotational relaxation time in
water is 150 £+ 25 ps. These values are consistent
with the recent data of Balabai et al. [37]. DMA is
sparingly soluble in neat water, (solubility = 1 w1 per
ml of water). On addition of 7.9 mM DMA to an
aqueous solution of OX-1, ¢, of OX-1 decrcases to
0.014 and 7, to 460 + 20 ps. Fig. 1 describes the
effect of DMA on emission intensity of OX-1 in
water. The rate constant of ET between DMA and
OX-1, kgp can be defined as the difference in the
non-radiative rate constant of OX-1 in water in the
absence of DMA (k?.) and that (k,,) in the presence
of DMA, so that kg =k, — k.. The kg is related
to the quenching constant k, by the relation kg =
kolQl, where [Q] denote concentration of the
quencher (DMA, in the present case). The quenching
constant for quenching of OX-1 by DMA in aqueous
medium is found to be (2.5 + 0.5) X 10'° s7! M~ L.

3.2. OX-1 in micelles

On addition of SDS and TX to an aqueous solu-
tion of OX-1, ¢;, 7, and rotational relaxation time of
OX-1 increase when the concentrations of the surfac-
tants exceed their respective critical micellar concen-
tration (CMC), i.e., when the micellar aggregates are
formed. In the presence of CTAB micelles, however,
the emission intensity, lifetime and rotational relax-
ation time of OX-1 remain same as those in water.
This indicates that the cationic dye. OX-1 does not
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Fig. 2. Fluorescence decays of OX-1 at magic angle polarization in (i) water, (ii) 50 mM TX and (iii) 50 mM SDS.
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Fig. 3. Decays of fluorescence anisotropy of OX-1 in (a) 50 mM
TX and (b) 50 mM SDS.

bind to the cationic micelle, CTAB. In 50 mM SDS,
(CMC =8 mM), ¢; of OX-1 increases to 0.047
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while in 50 mM TX-100 (CMC = 0.26 mM) mi-.
celles, ¢; of OX-1 increases to 0.04. In the presence
of the micelles the emission decays of OX-1 is
observed to be multi-exponential. This is due to-
inherent inhomogeneity of the micellar media [38—
40]. Instead of giving too much importance to indi-
vidual decay components we have fitted the decays
to a bi-exponential decay, aexp(—t/7,) +
a,exp(—1t/7,) and used the average lifetime (1) =
a,7, + a,7,, to get an average picture (Table 2). In
SDS micelles, the average lifetime of OX-1 increases
to 1200 + 20 ps and in 50 mM TX-100 it is 900 4 20
ps. The fluorescence decay of OX-1 in water and in
SDS and TX micelles are shown in Fig. 2. The
increase in ¢, and 7, indicate strong binding of
OX-1 to SDS and TX-100 micelles.

The rotational relaxation times of OX-1 in these
two micelles are also quite different from that in
water. The rotational anisotropy decays of OX-1 in
SDS and TX micelles are shown in Fig. 3. The
rotational relaxation time (73) of OX-1 in SDS and
TX are biexponential with an average rotational re-
laxation time, {7, (=a, 7, + a,7,) of 625 +25
ps for SDS and 2100 + 100 ps for TX (Table 1). The
rotational relaxation of OX-1 in micelles is consider-
ably slower than in water (125 + 25 ps). Balabai et
al. [37] have reported that the rotational relaxation
time of OX-1 increases to 400 ps when OX-1 binds
to a B-cyclodextrin (B-CD) cavity. The rotational
relaxation times of OX-1 in SDS and TX micelles
are longer than that in B-CD [37]. This indicates that
the motion of OX-1 is more restricted in micelles
than in B-CD. This is not unreasonable as [3-CD
encloses only a part of the big dye molecule OX-1
and most of it is projected outward in bulk water.
The emission lifetime of OX-1 in the presence of
B-CD is marginally different from that in water [37],
which implies that in the complex the OX-1 molecule
remains very largely exposed to water.

Table 1

Emission properties of OX-1

Medium ¢ 7 (ps) a, 71, (ps) as; T3, (pS) {70)" (ps)
Water 0.02 520 +20 1.00 125 £25 150 + 25
SDS 0.047 1200 + 20 0.30 100 0.70 - 850 1625+ 25
TX-100 0.04 900 + 20 050 - 150 4100 2100 + 100

0.50

*Average rotational relaxation time (7,5, ) = @,, T, + dy,To,.
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Fig. 4. Emission spectrum of OX-1 in 50 mM SDS containing
(i-x) 0, 2.63, 5.27, 7.90, 10.54, 13.17, 15.81, 18.44, 21.00 and
23.71 mM DMA.

The biexponentiality of the rotational relaxation
of various fluorescent probes in micelles have been
reported by several groups [37,41,42]. The biexpo-
nentiality arises from the lateral diffusion of the
probe in the Stern layer of the micelles and the
coupling of the motion of the probe to that of the
micelles. Various models such as the wobbling-in-a-

cone- and the two step model have been used to
explain the rotational relaxation in micelles
[37,41,42]. We defer the analysis of the biexponen-
tial decay of OX-1 in micelles to a subsequent
publication. For the purpose of PET in micelles it
will suffice to conclude that the rotational motion of
OX-1 in micelles is significantly slower than that in
water. The slow rotational dynamics is not due to the
electrostatic attraction between the cationic dye and
the anionic micelles (SDS), as the rotational relax-
ation is slower in the neutral micelle TX than in
anionic SDS. It appears that in the micelles, the
probe gets entangled within the surfactant molecules
and this reduces its mobility.

3.3. PET from DMA to OX-1 in micelles

In the presence of SDS micelles, solubility of
DMA in water increases nearly three times. On
gradual addition of DMA to an aqueous solution of
OX-1 containing 50 mM SDS, ¢; and {7) of OX-1
decreases markedly (Figs. 4 and 5; Tables 2 and 3).
At the maximum concentration of DMA, 7; of OX-1
decreases to 210 ps. The ET rate is calculated once
again using the relation, ky; =k, — k°., where k>
is the rate constant of non-radiative decay of OX-1
in SDS micelles in the absence of DMA and &, is
that in the presence of DMA. In the case of SDS, the
magnitude of kg; at the maximum [DMA], is (4.0 +
0.1) X 10° s~ ', which is nearly 16 times faster than
that at the maximum DMA concentration in water.
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Fig. 5. Fluorescence decays of OX-1 in 50 mM SDS containing (i-vii) 0, 2.63, 5.27, 7.90, 10.54, 13.17 and 23.71 mM DMA.
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Table 2

Rate of PET from DMA to OX-1 in different media

Medium DMA g, T a, T, (1)
(mM) (ps)* (ps)*  (ps)

50 mM SDS 000 1 1200 1200

527 037 260 0.63 900 660
790 045 200 055 740 500
1054 047 200 053 620 420
13.17 049 200 051 560 380
1581 052 185 048 510 340
1844 048 160 052 440 310
21.08 059 130 041 390 230
2371 0.61 130 039 340 210
50 mM TX-100 000 040 460 0.60 1170 890
263 044 480 056 1050 800
527 049 440 051 950 700
10.54 045 340 055 810 600
1581 035 260 065 680 530
21.08 036 260 064 630 500

* 420 ps.

It is evident that the emission lifetime, quantum
yield and the rotational relaxation time of OX-1 in
the presence of micelles are substantially different
from those in water. This indicates that in the pres-
ence of the micelles the dye molecules migrate from
bulk water to the micellar aggregates. Since the
charged OX-1 molecule is insoluble in the hydrocar-

bon core of the micelles it is apparent that OX-1
molecules reside in the polar-Stern layer of the
micelles. The absorption [29,30] and NMR spectra of
DMA in micellar media are very different from those
in bulk water and according to several groups this
indicates that the donor DMA molecules reside in
the Stern layer of the micelles [29,30,35]. Since the
Stern layer is a thin spherical shell of thickness about
9 A for SDS and 25 A for TX, the donor (DMA) and
the acceptor (OX-1) stay in close proximity in the
Stern layer.

For the determination of the quenching constant,
kQ, in the micellar environment, it isS necessary to
find out the concentration of DMA molecules in the
Stern layer of the micelles. According to the SANS
study, the overall radius of theOSDS micelles is 30 A
and the Stern layer is about 9 A thick [31-34]. Thus,
the volume of the spherical shell of the Stern layer is
(4m/3) [30°-21°] A’. The number of DMA
molecules per micelle can be calculated by dividing
the total DMA concentration by the micellar concen-
tration ((M]). The latter, [M] is given by [M] = {[S]
— CMC}/N,,, where [S] is the total surfactant (SDS)
concentration, CMC is the critical micellar concen-
tration (8 mM for SDS) and N,, is the aggregation
number (74 for SDS). The local concentration

Table 3
Rate of PET from DMA to OX-1 in different media
Medium [DMA] [DMAJ o (r) k x107° k, x107° kg X 107 ke x107°
(mM) ™) (ps)° (Ol ™Y ™Y s~ I'M™YH
50 mM SDS 0.00 0.00 0.047 1200 0.04 0.79
5.27 0.21 0.026 660 0.04 ' 1.47 : 0.68 . 3.25
7.90 0.31 0.021 500 0.04 1.96 1.17 3.80
10.54 0.41 0.016 420 0.04 2.34 155 © 3.80
13.17 0.52 0.011 380 0.03 2.60 1.81 3.50
15.81 0.62 0.008 . 340 0.03 291 2.12 340
18.44 0.73 0.006 310 0.03 3.20 241 3.40
21.08 0.83 0.004 230 0.02 . 433 3.54 4.30
23.71 0.94 0.003 210 0.02 4.74 4.00 4.20
50 mM TX-100 0.00 0.00 0.039 890 0.04 1.08 ) .
263 0.019 0.032 800 0.04 1.21 0.13 6.80
527 0.038 0.025 700 0.04 ' 1.39 0.31 8.20
10.54 - 0.076 0.019 600 0.04 1.63 0.55 7.20
15.81 0.115 0.018 530 0.04 1.85 0.77 6.70
21.08 0.152 0.013 ‘ 500

0.03 1.97 0.90 5.90

“[DMA]; denotes concentration of DMA in the Stern layer of the micelles.

4 5%.
€420 ps..
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([DMA])) of DMA in the Stern layer of the micelle is
obtained by dividing the number of DMA molecules
per micelle by the volume of the Stern layer. The
local concentration ([DMA]) so obtained and the
quenching constant, k, (= kg/[DMA]) is listed in
Table 3. It is readily seen that in the micelles, the k
is more or less independent of the DMA concentra-
tion and is equal to (3.8 + 0.5) X 10° s™! M~ . This
is nearly 6.5 times smaller than the quenching con-
stant in water. _

For neutral TX micelles, similar decrease in ¢y
and 7; of OX-1 is observed on addition of DMA to
an aqueous solution of OX-1 containing 50 mM TX.
The solubility of DMA in TX micelles is found to be
slightly less than that in the case of SDS micelles.
The value of kg at maximum [DMA], in TX is
found to be (0.9 +0.1) X 10° s7 1, i.e., 3.5 times that
at maximum [DMA] in water. The quenching con-
stant is obtained by calculating [DMA],, as discussed
in the case of SDS, using the structural parameter of
™ (overasll radius 50 A, thickness of the palisade
layer 25 A and aggregation number 100) [31-34].
The result summarized in Table 3 indicates that the
quenching constant is (7 + 1.2) X 10° s™! M~ 1, i.e,,
about three times smaller than that in water.

4. Discussion

According to Rubtsov et al. [12], while the fastest
component of ET from DMA to OX-1 in neat DMA
is 60 fs (80%), there are three other components of
200 fs (19%), 3 ps (1%) and 40 ps (0.3%) so that the
average time constant of ET is 0.2 ps and the rate
constant is 5 X 10'2 s™!. Considering the concentra-
tion of neat DMA is 7.9 M, the quenching constant
in neat DMA is 6.3 X 10! s™! M™!. This value is
about 25 times higher than that in water and respec-
tively, 90 and 162 times higher than that in TX and
SDS micelles. The time constant of 0.2 ps is close to
the vibrational periods of a standard organic
molecule. Thus, the ultrafast ET observed in neat
DMA has been attributed to the vibrational modes of
the reactants [12—18]. In the case of the micelles, the
90 or 162 times slower quenching constant is too
slow to be attributed to any vibrational mode. Thus,
the slow ET rate in micelles does not appear to be
due to the vibrational motions of the donor or accep-

tor. The effect of solvent relaxation also appears to
be minor as the probe oxazine molecule exhibits
very slight change in dipole moment on electronic
excitation and is a weak solvation probe [12]. Fem-
tosecond studies show that in neat liquids OX-1
exhibits little or no wavelength dependence of emis-
sion decays [12]. This suggests that the role of
solvation dynamics is minor in the case of PET from
DMA to OX-1.

In water, the ET is essentially controlled by the
diffusion of the donor and the acceptors. However,
in neat DMA, the acceptor (OX-1) is always in
contact with the donor and role of diffusion is unim-
portant. In the case of the micelles the diffusion of
the reactants is highly restricted as both the donor
and the acceptor are constrained to remain in the thin
Stern layer. The presence of the surfactant molecules
in between the acceptor (OX-1) and the donor (DMA)
molecule results in an increase in the donor—acceptor
distance in the micelles compared to that in neat
DMA. Tavernier et al. [29,30] recently presented a
very rigorous analysis of the distance dependent ET
rate in micelles taking into account diffusion. How-
ever, we will use the simpler approach discussed by
Rubtsov et al. [12] to show that the increase in the
donor—acceptor distance causes significant decrease
in the rate constant of ET between in DMA and
OX-1 in micelles.

According to the Marcus theory, the rate constant
of ET decreases markedly with increase in the
donor—acceptor distance (R). In the micelles, due to
incorporation of the donor and the écceptor among
the surfactant molecules the donor—acceptor distance
increases significantly compared to that in neat DMA.
The electronic coupling strength between the donor
and the acceptor decreases exponentially with R as
exp(—BR) where B=1 A~ [1,2,12,29,30]. This
term decreases 20.72 and 4.5 times for an increase of
R by 1 and 1.5 A, respectively. The distance, R also
affects the reorganization energy of the solvents
(Ag). Ag is given by
As=(e*/2)(rp' +ry' =2R ) (n P —¢")
where 7y, 7, are respectively the radii of the donor
(2.5 A for DMA) and the acceptor (4.2 A for OX-1)
molecules, n and & are respectively the refractive

index and the dielectric constant of the medium. The
overall reorganization energy, A= Ag+ A,, where
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the internal reorganization energy (A,;) for DMA and
OX-1 is 0.5 eV [12]. The overall ET rate constant is
related to A as exp{—(AG°+ A)?/4ART}. For
DMA /OX-1 system, AG®= —0.68 eV [12]. As a
result the factor exp{—(AG®+ A)?/4ART}, de-
creases by 1.15 and 1.45 times for an increase in R
by 1 and 1.5 A, respectively, from the value 3.8 Ain
neat DMA [12]. Combining the effect of change in
the coupling strength and the reorganization energy
the ET rate constant decreases by 3. 15 and 6.5 times
for an increase in R by 1 and 1.5 A respectively.
Thus, the change in quenching constant in going
from water to micelles could be due to an increase in
the donor—acceptor distance (R) by 1-1.5 A in the
micellar media.

The micellar interface resembles an alcohol (n =
1.36 and & = 30). As a result, the factor (n ™2 — &™)
changes from 0.55 in water to 0.51 in micelles. This
causes the ET rate to increase by a factor of 1.3 in
micelles compared to water. Thus, the observed
smaller ET rate in micelles is not due to the lower
dielectric constant of the micellar microenvironment.

5. Conclusions

The present study indicates that the cationic dye,
OX-1 binds quite strongly with the anionic SDS and
neutral TX micelles as indicated by the increase in
emission intensity, lifetime and rotational relaxation
time. The cationic dye however, does not bind with
the cationic micelles, CTAB. It is observed that in
the presence of the micelles, the solubility of DMA
increases in water and the PET rate increases respec-
tively 16 and 3.5 times in SDS and TX micelles,
compared to that in aqueous medium. However, due
to the very high local concentration of the DMA at
the micellar surface the quenching constant of OX-1
for DMA in micelles are respectively 6.5 and 3 times
smaller in SDS and TX micelles than that in water.

The role of vibrational relaxation and solvation ap-

pears to be minor to explain the lower rate of ET in
micelles. The lower quenching constant due to PET
in micellar media is attributed to an increagse in the
donor—acceptor distance,” R, by 1-1.5 A in the
micellar media.
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