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Abstract

Fluorescence time-dependence and fluorescence yield data are used to examine photoinduced electron transfer between
N,N-dimethylaniline and octadecylrhodamine B on the surfaces of dodecyltrimethylammonium bromide (DTAB) and Triton
X-100 micelles. The data are analyzed with a detailed theory that includes diffusion of the chromophores over the micelle
surface and models the reaction rate by a distance-dependent Marcus form. Good agreement between theory and experiment
is obtained for reasonable choices of the transfer parameters for DTAB. However, for Triton X-100, there is reasonable
agreement between theory and experiment only for values of the parameters that verge on unphysical. Possible explanations

are discussed. © 1997 Elsevier Science B.V.

1. Introduction

In this Letter we present experimental results on
forward electron transfer from N,N-dimethylaniline
(DMA) to photoexcited octadecylrhodamine B
(ODRB) on two aqueous micelles: dodecyltrimeth-
ylammonium bromide (DTAB) and Triton X-100.
These chromophores are located preferentially on the
micelle surfaces. The octadecyl tail of rhodamine B
tethers it into the micelle, and previous studies of
ODRB rotational relaxation place the chromophore
selectively at the micelle surface [1,2]. NMR studies
of N,N-dimethylaniline on cetyltrimethylammonium
bromide show that the donor is localized at the
micelle surface with a negligible fraction in the
aqueous phase [3]. Additionally, the fluorescence
spectra and reorientation time of DMA in DTAB and
Triton X-100 are characteristic of an aqueous-like
surrounding. This fact, combined with the NMR data
and the low solubility of DMA in pure water, indi-

cates that the chromophore is dissolved near the
micelle surface. (Somewhat deeper penetration into
Triton X-100 may be possible due to the large size
of the Triton X-100 head group, as discussed later.)

In a recent publication we discussed theoretically
the role of diffusion in photoinduced intermolecular
electron transfer on a micelle surface [4]. A detailed
theoretical treatment was presented for forward elec-
tron transfer and geminate recombination between a
photoexcited donor and N acceptors (or a photoex-
cited acceptor and N donors) on a micelle surface,
without using approximations in the ensemble aver-
aging techniques and with the diffusion of the chro-
mophores over the micelle surface appropriately in-
cluded. The theoretical results demonstrated how
diffusion of the chromophores over the micelle sur-
face significantly influences electron transfer dynam-
ics. The significance of the theoretical treatment is
that it permits the contributions to the electron trans-
fer dynamics to be dissected and analyzed. Without a
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rigorous statistical mechanical treatment of this sort,
it is impossible to separate the role of diffusion and
the effect of the DMA spatial distribution from that
portion of the dynamics due directly to the distance-
dependent rate coefficient.

The fluorescence upconversion and fluorescence
yield data presented here for electron transfer be-
tween DMA and photoexcited ODRE on micelle
surfaces are analyzed with the methods of reference
[4], with particular emphasis placed on the role of
diffusion. Although the data can be fit with static
models, the resulting fits yield highly unreasonable
values of the Marcus parameters. Inclusion of diffu-
sion leads to good fits for reasonable values of the
forward transfer parameters for the DTAB data. The
Triton X-100 data, as discussed later, may not con-
form to the model of electron transfer presented here
and in reference {4].

2. Theory

The model of the electron transfer system has
been described in detail elsewhere [4,5]. Briefly, the
donors and acceptors are taken to be curved disks on
the surface of a spherical micelle of radius R. (See
Fig. 1.) The micelle concentration is kept low, so
that electron transfer from a donor on one micelle to
an acceptor on another does not occur. Additionally,

Fig. 1. Schematic illustrating the model system. The micelle is
modeled as a sphere of radius R, with the chromophores assumed
to be curved disks on the surface. The relevant electron transfer
distance is taken to be r, the through-sphere (chord) distance. In
the illustration, the unfilled disk denotes the ODREB (no more than
one per micelle), while the filled disks are the DMA.

the ODRB concentration is extremely low so that
there is at most one photoexcited acceptor per mi-
celle; Forster excitation transfer does not occur. The
mean number of DMA per micelle is denoted N.
Diffusion over the surface of the micelle is character-
ized by a Fick diffusion constant, D, which is the
sum of the donor (D,) and acceptor (D,) self diffu-
sion coefficients: D = D, + D, [6]. Photoexcitation
of ODRB results in forward electron transfer from
DMA to the excited acceptor.

Full details of the theory are given in reference
[4], and we briefly state the key result for the for-
ward transfer. The ensemble-averaged probability of
finding ODRB excited as a function of time, <
P (1) >, is:

sing 1"
(1) = [fesexme)Tde] , (1

where S,,(¢]6) satisfies the differential equation with
associated initial and boundary conditions:
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S, (¢16) is the survival probability for a donor with a
single acceptor located initially at 6. The diffusion
operator is defined:

D d 0
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where R is the micelle radius. 6, is the donor—
acceptor contact distance in radians. The forward
transfer rate constant is given by a standard Marcus-

type expression:
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Here, &,, and & are the high frequency and static
dielectric constants, respectively. r, and r, are the
half-arc length of the donor and acceptor, respec-
tively, and AG; is the free energy change due to the
forward transfer. e, # and kg are the fundamental
charge, Planck’s and Boltzmann’s constants. The
Marcus J and 8 parameters characterize the magni-
tude and distance-dependence of the transfer rate,
respectively. For the purposes of this letter we have
chosen to use the form of the reorganization energy
derived by Marcus for charges in a three-dimen-
sional dielectrically-isotropic environment. A more
detailed treatment of the reorganization energy for
micelles requires the solution of the Poisson equation
for the micelle geometry or the Poisson—Boltzmann
equation if counterions are included. This is a rela-
tively complex numerical problem that will be ad-
dressed in a subsequent publication. The implications
of using Eq. (4b) will be discussed in more detail in
Section 4.

We note that Eq. (1) gives ( P, (¢))n for 1 ODRB
and N DMA per micelle surface. (Micelles without
any ODRB will not contribute to the experimentally
observed signal.) In an experiment, the number of
DMA per micelle is assumed to follow a Poissonian
distribution about the mean N. Thus, the actual
experimental observable is:

x —Narn

(Pu(1)y=e/T 1

n=0

(Pex (1) 2n: (5)

In Eq. (5) the term ¢~ '/" has been included to
account for the ODRB fluorescence decay. 7 is the
excited state lifetime in the absence of electron
transfer. Since this pathway is independent of the
transfer event, it can be included as a multiplicative
factor.

Light and small-angle X-ray scattering studies of
Triton X-100 indicate that the micelle is almost
monodispersed [7,8]. For DTAB, a spherical micelle
with a fairly small cmc value, the size distribution
should also be quite narrow [9]. In the event of

polydispersity, a final integral should be performed
over the micelle size distribution.

3. Experimental procedures

ODRB was obtained from Molecular Probes and
used as received, while DMA was of the highest
commercial grade available from Aldrich. DTAB
and Triton X-100 were from Aldrich. All experimen-
tal samples were prepared in deionized water for
micelle concentrations, [M], slightly above the cmc
([M] =206 uM for both micelles). The ODRB con-
centration was a factor of 10 less, while DMA
concentrations ranged from 0-15 mM, correspond-
ing to up to a 6% fractional occupancy of the micelle
surface. (For these low fractional occupancies,
DMA-DMA excluded volume may be safely ne-
glected [5].)

AG; was obtained from the Rehm—Weller equa-
tion [10], using redox potentials for rhodamine B and
DMA measured by cyclic voltammetry (CV) in
acetonitrile. Fluorescence spectra of DMA in DTAB
and Triton X-100 indicate that the local dielectric
constant lies somewhere between that of acetonitrile
(&, = 37) and water (g, = 78). Since DMA has low
solubility in pure water and since the free energy
difference is expected to be similar in highly polar
solvents [11], the CV experiments were performed in
acetonitrile. The difference between the oxidation
potential of DMA and the reduction potential of
rhodamine B was 1.6 eV. Fits to the electron transfer
data using the methods of section II were found to be
relatively insensitive to variations in &, within the
range of 37-78.

Fluorescence upconversion experiments were per-
formed using dual dye lasers pumped by a fre-
quency-doubled mode-locked and (-switched
Nd:YLF laser. Photoexcitation was performed at 568
nm, on the red-edge of the ODRB absorption spec-
trum. The upconverting beam was provided by a
second dye laser tuned to 850 nm. The time-resolved
fluorescence was detected by a dry-ice cooled PMT
connected to a gated integrator. The overall instru-
ment response was 45 ps. The time dependence was
obtained using a delay line to scan the arrival time of
the excitation pulse at the sample relative to the
fixed time of the upconversion pulse.
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The fluorescence yield measurements were per-
formed with the same experimental system, except
using a red-sensitive PMT. The relative fluores-
cence-yield, @, is a time-independent measurement
of the ratio of the total fluorescence for a sample
containing no DMA to that of sample with identical
ODRB concentration, but containing DMA.

T

f (P ()t

The yield data provides an independent verification
of fits to the upconversion data, since only fits with
the correct short-time decay (within the instrument
response) will also give agreement with the yield
data.

(6)

4. Results and discussion

Fig. 2 shows fluorescence upconversion and fluo-
rescence yield data for ODRB and four DMA con-
centrations on DTAB. The theoretical fits to the data
were generated using Eq. (5). Application of the
theory requires values for the Marcus parameters J
and B along with a reasonable estimate of the
diffusion constant for lateral diffusion over a micelle
surface. Additionally, the solvent reorganization en-
ergy, A, must be known or calculated. For the pur-
poses of this Letter, we have chosen to use Eq. (4b),
even though it was derived for an isotropic dielectric
continaum, In a future publication, we present exper-
imental evidence that the reorganization energy
changes with micelle size for a homologous series of
micelles. The distance dependence of the reorganiza-
tion energy contributes to the overall distance depen-
dence of electron transfer. However, the major con-
tributor to the distance dependence is the electronic
interaction. We suspect that the use of Eq. (4b) will
only introduce a relatively small error in the results
and will not change the conclusions regarding the
influence of diffusion on electron transfer on micelle
surfaces. This will be tested in detail subsequently
[12]. The additional parameters needed in Egs. (1)-
(5) have been measured or calculated. Once J, B
and D are specified, Eq. {5) can be used to predict
the time decays of all four concentrations, and Eq.
(6) should give the experimental yield values. With-
out any information about J, 8 or D, all three could
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Fig. 2. Fluorescence upconversion data {solid lines) and theoreti-
cal fits using Eq. (5) (dashed lines) for ODRB and four concentra-
tions of DMA (N =18, 3.8, 5.7 and 9.6 DMA per micelle) on
DTAB. The center panel shows fluorescence yield data (circles)
and the fits (crosses) from Eq. (6). The DTAB radius was taken to
be 16.7 A [33], and the ODRB and DMA radii were 4.45 and 3.05
A, respectively. (Estimates of molecular radii of DMA and the
ODRB head group were obtained from molecular modeling and
from crystallographic data on similar compounds.) The theoretical
fits shown are for parameters: J = 48cm™', B=1.0A"", D=54
A?/ns, =176 ns™!, £,,=1.77 and £, =78. The calculated
yield numbers are within the error bars on the data.

be used as adjustable parameters. With three ad-
justable parameters, it is possible to generate fits to
the DTAB data with the same quality as those shown
in Fig. 2; however, the fits are not unique. In fact,
though, it is not necessary to treat the data with three
adjustable parameters. Many detailed studies of elec-
tron transfer in proteins, glasses and liquids have
been performed in the last several decades [13-17],
and very general agreement now exists that the
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Marcus 8 parameter should have a value close to
1.0. Furthermore, there have been numerous attempts
to measure lateral diffusion constants over micelle
surfaces. These are difficult numbers to obtain be-
cause of the indirect nature of the experimental
probes [18]. Nonetheless, a wide variety of experi-
ments, including C NMR, fluorescence depolariza-
tion, and microviscosity measurements, have gener-
ally yielded values for lateral diffusion constants on
micelle surfaces in the range of 2—15 A% /ns [19-22].
In generating the fits shown in Fig. 2, we chose to
fix B8 at 1.0 A™'. Both J and D were treated as
adjustable parameters. Under these conditions, a
unique fit to the DTAB upconversion and yield data
1s obtained. Fig. 2 shows the fit for J 48 cm ™! and

=54 A?/ns, obtained from a y? minimization
algonthm [23]. For any set of inputs to the calcula-
tion (e.g. the micelle dielectric constant or the donor
and acceptor sizes), there is a fairly steep, global
minimum to the y? value.

The error bars on J and D, then, are primarily
determined by the accuracy of certain key physical
quantities. One source of uncertainty is the micelle
dielectric constant, which we conservatively estimate
to be somewhere between 37 and 78. Also, the
donor—acceptor contact distance (7.5 A) could also
be in error by 5, or possibly even 10%. From
adjusting these inputs within their error bars and
fitting J and D, we place J in the range of 50 £+ 20
em~! and D from 5+ 1 A?/ns. Additional error is
introduced by using the form of the reorganization
energy appropriate for a homogeneous medium. We
will be addressing this issue in more detail in a
future publication [12,24]. The form of the reorgani-
zation energy may change the values of J reported
here. The important result is that we are able to get
very good agreement between data and theory for a
complex system and that information about the trans-
fer rate can be extracted from data on a diffusing
system with a complex geometry.

The quality of fits shown in Fig. 2 is quite good.
The theory misses the lowest concentration some-
what at early times but yields essentially perfect
agreement for the higher three concentrations. The
simultaneous fit to the yield data is also very good.
The theoretical treatment, using J and D as ad-
justable parameters, leads to a diffusion constant
D =D, + D, in the expected range. Furthermore, if
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time (ns)

Fig. 3. Fiuorescence upconversion data (solid lines) and theoreti-
cal fits using Eq. (5) (dashed lines) for ODRB and five concentra-
tions of DMA (N =13.6, 20.9, 31.1, 53.9 and 64.1) on Triton
X-100. (Decays get faster as DMA concentration increases.) The
inset shows fluorescence yield data (circles) and the fits (crosses)
from Eq. (6). The fits are for a micelle radius of 42 A [26,34] and
J=1768 cm™', B=10 A™', D=1300 A’ /ns, 7 =2.85 ns ™',
&y =1.77 and & = 37. Agreement between theory and experi-
ment is not good for the highest two concentrations.

instead of fixing B at 1. 0 A- , B is fixed at values
in the range 0.8-1.2 At unique fits are obtained
for each B value, with J and D within the error
bars reported above. Thus, in addition to describing
electron transfer on micelle surfaces, a measure of
the lateral diffusion constant is obtained.

In reference [4], we showed by theory and Monte
Carlo simulation that inclusion of diffusion in the
electron transfer problem is important. The DTAB
data shown in Fig. 2 can be fit with D = 0, but only
if a value 8<0.3 A~ is assumed. Such a low 3
value is highly unphysical.

Fig. 3 shows fluorescence upconversion and yield
data for ODRB and five concentrations of DMA on
Triton X-100 micelles. If B is fixed at 1.0 A~',
agreement between theory and experiment can only
be obtained for J > 1765 cm™' and D > 30 A2/ns.
Although it is conceivable that a small molecule like
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DMA might have a lateral diffusion constant higher
than 30 A%/ns, the large values of J are extreme.
J=1765 cm™! corresponds to a transfer rate at
contact of 76000 ns~!, or a transfer time of 13 fs.
This is more than 1000 times faster than for the same
donor and acceptor on DTAB micelles. Additionally,
these parameters give poor agreement with the short
to medium time behavior of the two highest concen-
trations. Somewhat better fits can be obtained if 8 is
allowed to take on values <0.5 A™' but such
long-range, through-solvent electron transfer seems
unphysical.

There are several possible explanations for the
reduced quality of the agreement between theory and
experiment for the Triton X-100 system. First, recent
small angle neutron scattering results indicate that
Triton X-100 may be an oblate ellipsoid [25]. For a
large micelle like Triton X-100, it seems unlikely
that curvature errors would substantially affect the
short-range electron transfer process. Calculations
where the curvature of the spherical micelle is ad-
justed to match the curvature of regions of the
ellipsoid (while maintaining a constant DMA pack-
ing fraction) show almost no difference in the pre-
dicted (P, (¢)) decays. Additionally, even if the
mean number of DMA per micelle is held constant,
but the micelle radius is decreased by 15%, extreme
parameters are still required to fit the data. This
result indicates that including polydispersity in the
theory would not lead to more reasonable parame-
ters.

In order to consider whether the use of Eq. (4b)
for the reorganization energy could account for the
poor fits to the Triton X-100 data, the data were fit
using a purely exponential form of the rate constant:
k(6) = J?exp = [-2RB(sin(8/2) — sin(6,/2))].
Using this form of k.(#), reasonable agreement be-
tween theory and experiment is obtained only for the
lowest three concentrations using D = 25 A? /ns; the
fits to the two highest DMA concentrations are
inferior. A value of 25 A2 /ns for the diffusion
coefficient is also significantly higher than is ex-
pected. Thus, although it is possible that an inaccu-
rate form of the solvent reorganization energy ac-
counts for the poor agreement between theory and
experiment for Triton X-100, we believe that this is
unlikely in view of another, possibly more signifi-
cant factor.

The treatment of intermolecular electron transfer
in diffusing systems where there are multiple donors
or acceptors available for transfer is extremely sensi-
tive to the spatial distribution of the chromophores.
The functional form of the data on Triton X-100 is
not well-described by diffusion on a two dimensional
surface. However, good fits to the data can be ob-
tained for reasonable Marcus parameters provided
that the motion of DMA on Triton X-100 is consid-
ered to be three dimensional. To understand this, we
note that for DTAB, a spherical micelle with small
head groups, the DMA can be realistically consid-
ered to be on the surface of a sphere. However, the
polyoxyethylene head group of Triton X-100 is ap-
proximately 17 A in length [26], so that the DMA
(and perhaps the ODRB) may penetrate a substantial
way into the micelle. Since 17 A is substantial on the
distance scale of the electron transfer, the Triton
X-100 problem may more realistically involve diffu-
sion and electron transfer from within a thick spheri-
cal shell. Developing theory for this complicated
geometry is difficult and has not been done to date.
This problem is approximately one of electron trans-
fer in a bounded three dimensional space. If we
calculate a crude ‘‘three dimensional’’ concentration
by dividing the mean number of DMA by the vol-
ume of the spherical shell and then calculate the
electron transfer { P,,(¢)) observable as for a liquid,
good fits to the data are obtained for reasonable J, 8
and D parameters. Thus, when reaction in a spheri-
cal shell is improperly modeled as reaction on a
spherical surface, unreasonably large and long-range
parameters may result in order to compensate for the
reduced dimensionality.

5. Conclusions

We have presented experimental data on photoin-
duced electron transfer between chromophores local-
ized on micelle surfaces. There has been consider-
able interest in micelle-bound electron transfer sys-
tems [27-29,19,30-32], since control over geometry
may be useful in promoting long-term ion survival.
We have analyzed the data with a detailed theory of
electron transfer that utilizes no approximations in
the ensemble average over particle positions, in-
cludes diffusion of the chromophores over the mi-
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celle surface, and uses a distance-dependent
Marcus-type of transfer rate. We have observed good
agreement between theory and experiment for DTAB
micelles. Further, we have demonstrated the ability
of the theory to distinguish between contributions
due to diffusion and those due to the distance-depen-
dent transfer rate, k.(#), by using a detailed statisti-
cal mechanical theory. This theory is applied here for
the first time to experimental data on micelle sur-
faces. For DTAB micelles, which are expected to be
well-modeled by chromophores on a spherical sur-
face, the results are consistent with theory and give a
reasonable estimate for the lateral diffusion coeffi-
cient. For Triton X-100, extension of the theory to
thick spherical shells may be necessary.

We are currently at work studying electron trans-
fer between ODRB and DMA on other micelle sur-
faces as well as in bulk liquids. We are also investi-
gating the role of the reorganization energy, which
may make a significant contribution to understanding
electron transfer dynamics in micelle systems.
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