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Abstract
Photoinduced electron transfer between octadecylrhodamine B (a hole donor) and N, N-dimethyl-1-napthylamine
(hole acceptor), located in the head group region of sodium dodecylsulfonate micelles, has been examined for different
acceptor concentrations using time resolved ﬂuorescence. The experimental results were analyzed using the Marcus
distance-dependent transfer rate modiﬁed to take into account the heterogeneous nature of the micelles. Diffusion of
the donor/acceptors is included in the theoretical analysis. The results are compared with earlier experiments involving
the same donor–acceptor combination but in a different type of micelle.
r 2005 Elsevier B.V. All rights reserved.
PACS: 78.47.+p; 82.33.Nq; 82.70.Uv
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1. Introduction
Electron transfer in condensed phases has been
under intensive investigation for over 50 years
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[1–3]. Quantitative understanding of the electron
transfer processes in a range of media can provide
direction for designing efﬁcient light harvesting
systems involving chemical and biological complexes [4–6]. However, the intricacy of the electron
transfer process in topologically complex systems
in which donors and acceptors are changing their
relative positions makes the quantitative description of such systems difﬁcult. The time dependence
of electron transfer depends on the electronic
properties of the donors and acceptors, as well as
the structure and morphology of the local environment [7–10]. Typically, intermolecular electron
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transfer occurs on a distance scale of a few
Angstroms, making the process sensitive to the
details of the local environmental [11,12]. Systems
like micelles, reverse micelles, and vesicles are
media with spatially restricted geometries and
dielectric heterogeneity [13–16].
Here, we present time-resolved ﬂuorescence and
ﬂuorescence yield data for photoinduced electron
transfer from N, N-dimethyl-1-napthylamine
(DMNA) to octadecylrhodamine B (ODRB),
which are located in the head group region of
micelles composed of the anionic surfactant,
sodium dodecylsulfonate (SDS). The ODRB is
low in concentration and is optically excited. For
these reasons, ODRB will be called the donor; it is
a hole donor. DMNA is the hole acceptor. Various
concentrations of DMNA acceptors are employed.
The ODRB is anchored in the micelle by its long
hydrocarbon tail with the RB chromophore
located in the head group region because of its
positive charge. The polarity of the DMNA also
causes it to locate almost exclusively in the head
group region [17]. Therefore, the dynamics of the
electron transfer can be modeled as a donor
interacting with a number of acceptors all of
which are constrained to move in the essentially
spherical head group region.
A previous study investigated this problem for
micelles that had cationic head groups of trimethylamines [17]. In the previous study the head
groups were positively charged. In this study, the
head groups are negatively charged. The ODRB
donor is positively charged. In the analysis that
was applied previously and is used again here, no
speciﬁc account was taken of the role of the
changes on the head groups and the ODRB may
play. The detailed analysis took into account the
spherical topology of micelles, the conﬁnement of
the donors and acceptors to the head group region,
and the inhomogeneous nature of the system.
Because the donor and acceptor used here are the
same as those studied previously, changing the
charge on the head groups enables us to determine
if the nature of the head groups plays a fundamental role in the electron transfer process or if the
key is the size and topology of the system with the
change of on the head group having little or no
effect.
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The experimental results are analyzed using a
statistical mechanical theory that describes the
electron transfer for donors and acceptors diffusing in a spherical shell. Unlike donors and
acceptors in a liquid, which can be approximated
as a single dielectric continuum, the dielectric
environment of the donors and acceptors in the
head group region of micelles is heterogeneous.
The head group region has dielectric properties
that are intermediate between the very low dielectric constant hydrocarbon core and the very
high dielectric constant surrounding water. Thus,
the donor and acceptor conﬁned in the head group
region of the micelles experience a complex
dielectric environment compared to a single dielectric continuum. The reorganization energy and
free energy that play a role in electron transfer are
modiﬁed by the micelle’s multilayer structure [7].
The complex dielectric structure of the micelles is
included in the theoretical analysis of the data [17].
The results are compared with the electron transfer
parameters obtained from previous experiments
involving the same donor/acceptor but different
micelles [17].

2. Experimental procedures
ODRB was obtained from Molecular Probes
and was used without puriﬁcation. DMNA and
SDS were obtained from Aldrich in highest grade
available. The surfactant, SDS, concentration [S],
was 2.046  102 M which corresponds to a micelle
concentration [M], of 206 mM as determined using
the relation
½M ¼

½S  cmc
,
N agg

(1)

where cmc denotes the critical micelle concentration, and Nagg is the aggregation number. For SDS
micelles, the cmc is 8.1 mM and the aggregation
number is 60 [18]. The ODRB concentration was
kept at 20 mM, a factor of about 10 less than that of
the micelles. This ensures that there is at the most
one ODRB per micelle. The chemical structure of
ODRB, DMNA, and SDS are given in Fig. 1.
Four samples were prepared: one sample was
made with only ODRB, and three samples were
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The laser output repetition rate was 800 kHz and
the pulse duration was 15 ps. The ﬂuorescence was
collected using a front surface geometry and then
passed through a subtractive double monochromator set at 590 nm (corresponding to the
ﬂuorescence peak of ODRB) and detected with a
channel plate detector. The instrument response
function was about 75 ps FWHM. The polarization of the excitation beam was set at the magic
angle of 54.71 with respect to the polarizer in front
of the monochromator. For quantum yield measurements, the steady-state ﬂorescence measurements for samples with various acceptor
concentrations were corrected for ODRB concentration and compared to ﬂuorescence from a
sample without acceptors.
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Fig. 1. Chemical structure of ODRB, DMNA and SDS.

made with ODRB with three different DMNA
concentrations. In all of the samples, the ODRB
concentration was kept the same with only the
acceptor (DMNA) concentration varying. DMNA
shows close to 100% binding to DTAB, TTAB, and
CTAB micelles (TAB ¼ trimethylammonium bromide; D ¼ dodecyl; T ¼ tetradecyl; C ¼ hexadecyl)
[17] and the same was assumed to be the case for
SDS micelles. DMA has been shown to reside in the
head group region of CTAB micelles by NMR
chemical shift measurements [19]. Conﬁrmation of
the location of DMNA in XTAB micelles was
obtained from ﬂuorescence spectroscopy [17]. We
also expect DMNA to be located in the head group
region of the SDS micelles because of the polarity
considerations.
The ﬂuorescence decays were measured using
time-correlated single photon counting [20]. A
Rhodamine 6G dye laser (568 nm) was synchronously pumped by the 532 nm doubled cavity
dumped output of a mode-locked Nd:YLF laser.

3. Theoretical formulation
Fig. 2a shows a schematic of the micelle. The
hydrocarbon core is surrounded by the head group
region, which is in turn surrounded by water.
Counter ions and water penetrate into the head
group region to some extent, giving it a dielectric
constant that is intermediate between the hydrocarbon core (low dielectric constant) and the water
(high dielectric constant). Fig. 2b shows the model
used in the theoretical calculations. The donor is
the black ball, and the acceptors are grey. The
donors and acceptors are centered in the head
group region. The distance, r, between the donor
(D) and an acceptor (A) is determined by the
distance R and the angle, g: R is the average of ac
(core radius) and as (core radius plus the head
group shell radius). The distance between the
donor and an acceptor is
r ¼ 2R sin ðg=2Þ.

(2)

The contact distance is rm ¼ 2R sin ðgm =2Þ: The
radii of D and A are aD and aA, respectively. The
donor and acceptors are diffusing in the head
group spherical shell.
An analytical theory, evaluated numerically, for
calculating the electron transfer dynamics between
a donor and acceptors in the head group regions of
micelles has been presented [7,17,21–24]. Here, we
provide a brief account of the essential features of
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the theory required to analyze the data. Following
photoexcitation of the single donor per micelle, the
system either relaxes to the ground state or an
electron is transferred. If an electron is transferred,
the system is in the ‘‘charge transfer state’’ and
ﬂuorescence does not occur. The free energy
change, DGðrÞ associated with photoinduced electron transfer is given by a general expression:
DGðrÞ ¼ IPD  EAA  W r þ W p  hn,

- +

+

+

high dielectric (water, εst,W)

Fig. 2. (a) Schematic diagram of a micelle, indicating three
regions. The region inside the smaller circle contains the
surfactant tails and is the hydrocarbon core. The region outside
the largest circle is water with counter ions. The shell between the
two circles is the region of surfactant head groups (), most of
the counter ions (+), the (hole) donor (black) and (hole)
acceptor molecules (shaded), and portions of the surfactants’
hydrocarbon tails. The dielectric properties of head group region
are intermediate between those of water and hydrocarbon. (b)
Model for electron transfer in the head group region of a micelle,
incorporating 3-region dielectric structure. The donor and
acceptor spheres, with radii aD/A, lie at distances RD/A from
the center of the micelle and diffuse on spherical surfaces with
radius R. r is the distance between the donor and an acceptor. g is
the angle between the lines joining the center of the micelle with
the centers of a donor and an acceptor pair. The interior of the
micelle is taken to be a sphere of radius aC with a low static
dielectric constant. Donor and acceptor spheres are located
outside the micelle core in a shell of radius aS that surrounds the
micelle core. Finally, the shell is surrounded by water.
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(3)

where IPD is the ionization potential of the donor,
EAA is the electron afﬁnity of the acceptor, Wr/p
denote the total energy change to bring the
reactants/products together in the dielectric environment of interest at the given separation distance, and
hn is the donor singlet excited state energy, taken to
be the energy at which donor’s normalized absorption and ﬂuorescence spectra cross [25]. For a
heterogeneous system like the micelles the distances
dependent free energy change DGðrÞ was calculated
from the redox potential measured for the bulk
solution as described in detail previously [17].
The experimental observable is hPex ðtÞi; the
probability that a donor excited at t ¼ 0 is still
excited at time, t. hPex ðtÞi is proportional to the
ﬂuorescence intensity. Assuming the number of
acceptor molecules in the micelles have a Poisson
distribution about the mean number of acceptors
N, the observable is
hPex ðtÞi ¼

1 N n
X
e N
n¼0

n!

hPex ðtÞin ,

(4)

where hPex ðtÞin describes a micelle with one donor
and exactly n acceptors.
"Z
#n
p
t=t
2
hPex ðtÞin ¼ e
Sex ðtjg0 Þ2pR sin g0 gðg0 Þ dg0 ,
gm

(5)
where t is the ﬂuorescence lifetime of the donor in
the absence of the acceptor. S ex ðtjg0 Þ is the
probability that the donor is still excited at time
t, given that it was photoexcited at t ¼ 0 and that
the donor and acceptor were separated by angle g0
(distance r) at that time, for the one-donor, oneacceptor case [21,22]. S ex ðtjg0 Þ is the solution to a
differential equation, which has been described
in detail previously [17,21,22]. gðgÞ is the radial
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distribution function used to model the donor–acceptor distance distribution in the head group
region [17]. S ex ðtjg0 Þ depends on the distance
dependence of the transfer rate as well as the
dielectric properties of the micelle.
The Marcus form of the distance-dependent
transfer is employed (normal region, DGol) [1,2,26].
kðrÞ ¼

2p 2
J exp½bðr  rm Þ
_ 0


1
ðDGðrÞ þ lðrÞÞ2
 pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ exp
.
4lkB T
4plkB T

ð6Þ

_ is the Planck’s constant, kB is the Boltzmann’s
constant, and T is the temperature. J0 is the
donor–acceptor electronic coupling strength at contact, and b is the exponential decay constant for the
electric coupling. DGðrÞ is the free energy change of
the transfer and lðrÞ is the solvent reorganization
energy. The standard expressions for DGðrÞ [27] and
lðrÞ [1,2,26,28] are for donors and acceptors in a
dielectric continuum. These are substantially modiﬁed
for the heterogeneous dielectric environment associated with a donor and acceptors in the head group
regions of micelles (see Fig. 2b). Expressions for
DGðrÞ and lðrÞ for the head group region have been
derived [7,17]. The important point here is that the
expressions for DGðrÞ and lðrÞ depend on the
dielectric constant of the core, the head group region,
and the surrounding water. These expressions [7,17]
are used in the calculations presented below. The
polyelectrolyte nature of the micelle surface (charged
head groups and counter ions) has not been included
in the analysis. This, however, has been shown in
other systems to have a minor effect compared to the
polarity of the solvents [29].
The spatial distribution of the donor and
acceptors comes into Eq. (4). A hard sphere gðrÞ
is used with the donor–acceptor contact distance
as the minimum distance, rm [17]. It has been
shown for hard sphere liquids that a solute’s
spatial distribution follows the solvent’s radial
distribution function, gðrÞ [30]. (Here, gðrÞ becomes
gðgÞ in the actual calculations.) The donor and
acceptors are not in high enough concentration to
independently form a structured distribution;
under normal circumstances, it is assumed that
they follow the structure determined by the solvent

molecules [30]. The size, s; used to describe the
‘‘solvent molecules’’ for the head group region of
SDS will be discussed below. Diffusion is constrained by the fact that the equilibrium distribution of acceptor molecules must follow the
solvent’s radial distribution function, gðrÞ: As a
result, molecular diffusion occurs within a potential of mean force ðln½gðrÞÞ rather than freely
[31,32]. The effects are strongest within the ﬁrst
solvent shell. In addition, as the donor and
acceptor approach each other, the effective diffusion constant is reduced [33,34]. The reduction
of the diffusion constant on close approach is
called the hydrodynamic effect [35,36], and it is
included in the theory via a distance-dependent
diffusion constant, DðrÞ given by the expression
[17,33,34]

r  r 
1
m
DðrÞ ¼ D 1  exp
,
(7)
2
s
where D is the sum of the donor and acceptor bulk
diffusion coefﬁcients, rm is the donor–acceptor
contact distance, and s is the solvent diameter.
Donor–acceptor diffusion in the head group
region will be dominated by the diffusion of the
DMNA because the ODRB is anchored in the
micelle by its long hydrocarbon tail. Detailed
measurements have been made to determine the
diffusion constant 2in XTAB micelles [17]. The
( =ns: This value is expected to
value is D ¼ 15:9 A
be different in the case of SDS head groups as will
be discussed later in the text.
Because of the time resolution of the instrument,
75 ps, information about the short time behavior
of electron transfer is masked. Some additional
information can be obtained from the ﬂuorescence
yield measurements. The ﬂuorescence yield, F is
the ratio of the total steady-state ﬂuorescence for a
sample containing DMNA to that of a sample
consisting only ODRB.
R1
hPex ðtÞi dt
F¼ 0
.
(8)
t
Thus, ﬂuorescence yield experiments are sensitive
to integrated area of hPex ðtÞi; which does not
include convolution with the instrument response
function.
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4. Results and discussion
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Fig. 3. Steady state optical absorption spectra of SDS/ODRB/
DMNA with 0.001 M (star) and 0.0005 M (cross) DMNA,
respectively. The solid line is the spectrum with no acceptors.
The inset shows the magniﬁed region of ODRB absorption.

fluoroscence intensity

1.0

The steady state absorption spectra of the SDS/
ODRB/DMNA corresponding to three different
concentration of DMNA are shown in Fig. 3. The
ground state absorption spectrum of ODRB has
two distinct peaks at 559 and 521 nm as shown by
the magniﬁed spectrum in the inset. However, the
DMNA absorption features are masked due to the
strong absorption from SDS micelles at wavelengths below 300 nm. Our previous experiments
on DMNA on different micellar system shows
three distinct absorption features positioned at
298, 250 and 214 nm, respectively. The steady state
ﬂuorescence spectra of the samples for all acceptor
concentrations show a ﬂuorescence maximum at
590 nm (not shown here).
Fig. 4 shows the ﬂuorescence decay curves of
ODRB in SDS micelles for four concentrations
of DMNA, 0.0, 4.8  104, 7.9  104, and 1.15 
103 M, from top to bottom. These correspond to
an average number of DMNA acceptors in a
micelle of N ¼ 0; 2.4, 3.96 and 5.78. There is at
most one ODRB per micelle. For N ¼ 0; the
ﬂuorescence decay curve is a single exponential
with a decay time of 2.48 ns. Upon increasing the
concentration of DMNA, the decays become
faster as electron transfer from DMNA to ODRB

6
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Fig. 4. Fluorescence decay curves of ODRB in SDS/water
solvent with four DMNA concentrations. From top to bottom
the average numbers of DMNA hole acceptors per micelle are:
N ¼ 0; 2.4, 3.96, and 5.78. As the acceptor concentration
increases, the decays become fast because of the increased rate
of electron transfer.

quenches the ﬂuorescence at an increasing rate.
The decays show clear deviations from being single
exponential. In fact, ﬂuorescence decay curves can
be accurately ﬁtted to a bi-exponential function
showing two distinct time components t1 and t2
with respective amplitudes A1 and A2. The time
constants derived from the ﬁtting are t1 ¼1:58
ðA1 ¼ 0:434Þ; 1:2ðA1 ¼ 0:48Þ; 0:92ðA1 ¼ 0:52Þ ns
and
t2 ¼ 2:5
(A2 ¼ 0:71),
2:32ðA2 ¼ 0:65Þ;
1:65ðA2 ¼ 0:60Þ ns, respectively, with increasing
acceptor concentrations (N ¼ 2:4; 3.96, and
5.78). However, the bi-exponential ﬁt is only
heuristic. The theoretical curves are continuous
non-exponentials.
For each of the three DMNA concentrations the
ﬂuorescence decay and the ﬂuorescence yield data
were simultaneously ﬁt. The value of b, the
parameter that characterizes the distance dependence of the electronic coupling, is 1 Å1 in a
variety of different electron transfer systems
[2,37–40]. In the earlier experiments involving
R3B and DMA
in liquids the data ﬁtted well
( 1 : Therefore, to reduce the number
with b ¼ 1 A
of adjustable parameters b was ﬁxed at a value of
1 Å1. Small angle X-ray scattering experiments
carried out for SDS micelles in water by Itri and
Amral and others measure a hydrocarbon core
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The results of the ﬁts are shown in Fig. 5 as the
( 2 =ns;
dashed lines through the data. D ¼ 28 A
which is comparable to the value of 16 Å2/ns
determined for DMNA in DTAB micelles based
on orientational relaxation measurements [17].
The values of s and st;S returned good ﬁts to the
time-dependent data over a narrow range of
( and  ¼ 8216: While the
values. s ¼ 224 A
st;S
time-dependent data are ﬁt very well by the model,
the yield calculations do not agree as well with
the yield data. A similar deviation, in which
the calculated yields are too small but the
time-dependent data ﬁt very well was seen in

0.37

0.05
0.8

yield

radius of 16.7 Å and the overall size ranging
between 22 and 23 Å [18,41]. The hard sphere
radii of ODRB and DMNA were obtained from
molecular modeling and are 4.12 and 3.09 Å,
respectively, which gives a distance of closest
approach of 7.21 Å. The optical and static dielectric constant for hexane, op ¼ st ¼ 1:88; were
used for the micelle’s hydrocarbon core. For water
surrounding the micelles, op ¼ 1:77 and st ¼ 78:3:
Optical dielectric constant of the head group
region did not signiﬁcantly affect the ﬁts, so op ¼
1:9 was used. The oxidation potential of DMNA
in acetonitrile vs. SCE is 1.01 V and the difference
in the redox potential in bulk solution between
DMNA/ODRB was calculated to be 1.29 V.
The value of J0 obtained from previous ﬁtting
results of DMNA/ODRB in CTAB was 70 cm1
[17]. J0 is the electronic coupling at contact.
Therefore, it is reasonable to assume that this
value is independent of the details of the micelle
head groups, and we have used 70 cm1 in the
current analysis. With most of the input parameters for the calculation of hPex ðtÞi known or
estimated, three remaining parameters were used
to ﬁt the concentration-dependent decay curves
and the quantum yield measurements. They are:
the head group properties, s and st ;S (the
subscript S is for shell, see Fig. 2) and the diffusion
constant, D. D was constrained to be similar to the
value determined for the head group region of
DTAB [17]. However, the size of the head group
region is not the same in SDS and DTAB, and
therefore, D was allowed to vary around the
DTAB value.

fluorescence data and theoretical fits
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Fig. 5. Experimental ﬂuorescence decay curves (solid) and
hPex ðtÞi theoretical ﬁts(dashed) for three concentrations of
DMNA. From top to bottom the average numbers of DMNA
hole acceptors per micelle are: N ¼ 2:4; 3.96, and 5.78. The
inset shows the experimental ﬂuorescence quantum yields. The
circles with crosses are the experimental data and the solid
circles are calculated from the ﬁts to the time-dependent data.
While the ﬁts to the time-dependent data are excellent, the yield
calculations show signiﬁcant deviation, which may indicate that
the ﬁts to the 4100 ps data do not capture the short time
electron transfer dynamics properly.

experiments with the same donor and acceptor in
DTAB [17]. In the DTAB system, the agreement
was better, but the trend was the same. The timedependent data are for t4100 ps: The fact that the
calculated yield data are too small suggests that
electron transfer at short time is slower than the
current model predicts. Future experiments will
examine electron transfer in micelles down to
100 fs, three orders of magnitude faster, to
determine the nature of the transfer at very short
times where both spatial and orientational diffusion play less of a role in the electron transfer
kinetics.
A value of 10 for the dielectric constant of the
head group region implies that it is relatively
nonpolar compared to the surrounding region,
water, which has a dielectric constant of 78, but it
has a substantially higher dielectric constant than
the micelle’s hydrocarbon core. The head group
region of a micelle contains both the actual head
group and the ﬁrst few methylenes that have some
water penetration. In the experiments on XTAB
micelles, values for CTAB, TTAB, and DTAB
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were found to be 6, 30 and 30 [17]. Neutron
scattering results show that there is considerably
less water in the head group region of CTAB than
in DTAB [42]. The value for SDS is closer to the
CTAB value than the DTAB, which is more
similar in size to SDS. A low value of the dielectric
constant in the head group region suggests less
water penetration.
The effect of DðrÞ on the ﬁtting was insigniﬁcant
as the ﬁts were basically the same using a distance
independent diffusion constant. The value of s (the
‘‘solvent size,’’ that is hard sphere diameter) used in
g(r) gave good results in the range of 2–4 Å, with
( giving a slightly better result. This is close
s ¼ 3A
to the radius of the SDS head group. Hence the fact
that a hard sphere solvent diameter of 3 Å is
required to model the donor–acceptor distance
distribution suggests that the SDS head groups
rather than the much smaller water molecules that
are present in the head group region play the
dominant role in determining the spatial distribution of DMNA relative to ODRB. In the XTAB
( was used in the ﬁts, which
micelles, s ¼ 5 A
corresponds to the larger size of the head groups
in these micelles. The theoretical ﬁts for all three
acceptor concentrations deviate from the experimental electron transfer data at longer time scales
(45 ns) as shown in Fig. 5. This could be due to
slow solvation dynamics in the SDS micelles.

5. Concluding remarks
In this paper, electron transfer between ODRB
and DMNA on the surface of SDS micelle for
different acceptor (DMNA) concentrations was
measured experimentally and analyzed theoretically. Time-dependent ﬂuorescence and ﬂuorescence yield data were measured for each
concentration. These data were analyzed using
the Marcus distance-dependent transfer rate using
a model that takes into account the heterogeneous
nature of the micelle structure. Although we have
highly simpliﬁed the real structure of the micelles
for modeling the experimental results theoretically,
the model nevertheless includes all the important
parameters that control the electron transfer in
such a restricted geometry. While there are a large
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number of parameters that go into the ﬁtting the
data, most of them are either known or could be
estimated with reasonable accuracy. It is important to note that the decay curves are nonexponential. The theory must reproduce the
shapes of the decays and their concentration
dependence. As in the previous study of the same
donor and acceptor in XTAB micelles, it is found
that on a time scale set by the time resolution of
the instrument, 4100 ps, the theory is very
successful. However, the agreement between theory and calculations are worse for the quantum
yield data, indicating that the dynamics at short
times, substantially less than 100 ps, may not be
described as well by the current model.
In comparing the experiments performed here in
SDS micelles and the previous experiments in
XTAB micelles, it is found that the same basic
theory with similar parameters can do a good job
of ﬁtting the data in both types of micelles. The
ODRB is positively charged. The SDS head
groups are negatively charged while the XTAB
head groups are positively charged. The fact that
essentially the same description works reasonably
well to describe electron transfer in both types of
micelles suggests that speciﬁc Coulombic interactions between the ODRB hole donor and the
charged head groups is not a dominant inﬂuence
on the electron transfer kinetics.
Electron transport experiments and theory for
topologically complex and inhomogeneous structures are fundamentally interesting and may be
useful if the structure can be used to modify
electron transfer, particularly geminate recombination following forward photoinduced transfer.
Experiments are currently in progress to measure
electron transfer in micelles and other complex
structures on much faster time scales (100 fs) and
to obtained detailed information on the inﬂuence
of topology on geminate recombination.
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