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Photoinduced intermolecular (donor/acceptor) electron transfer is studied both experimentally and theoretically
for donors and acceptors located in the headgroup region of micelles. Fluorescence up-conversion and
fluorescence yield measurements were performed to characterize photoinduced electron trangfigi-from
dimethylaniline (DMA) andN,N-dimethyl-1-naphthylamine (DMNA) to octadecylrhodamine B (ODRB) in
three types of aqueous micelle solutions: dodecyl-, tetradecyl-, and cetyltrimethylammonium bromide (DTAB,
TTAB, and CTAB, respectively). The data were analyzed with a detailed theory that assumes a Marcus
distance-dependent rate constant. Because DMA, DMNA, and ODRB reside in the headgroup region of the
micelles, the theory includes diffusion of the molecules in this region of the micelles. The micelles are modeled
as a spherical core of low dielectric constant surrounded by a spherical shell headgroup region with intermediate
dielectric properties, which in turn is surrounded by water. An analytical theory, which accounts for geometrical
and dielectric properties of the three-region micelle environment, is used to calculate the solvent reorganization
energy and free energy of transfer. To fit the data, the three-region dielectric model is necessary, and the
dielectric constant of the micelle headgroup region of each micelle can be approximately determined. In
addition, including local structure is required to fit the data, yielding some information about molecular
organization in the headgroup region.

I. Introduction traditionally been calculated or measured with neutron or X-ray
scattering?® However, these experimental techniques are not
sensitive to relatively low concentration solutes, so it is difficult

. . ; . to determine distributions involving solutes in solution. Methods
due to their relevance in a wide range of applicatibBtectron- are available for measurements on a larger distance scale than

transfer events are vital to _chem|ca|, biological, and techmca_l is probed with electron transfer. Electronic excitation transport
processes. Numerous studies have been performed addressin

. . ET) is frequently used to probe intermolecular distaf¢es.

the dependence of electron transfer on different enwronments& .

including liquids2~7 micelles®~14 vesiclests proteins!®-19 and However, singlet EET generally occurs over tens of angstroms
DNA.20-26 Studies of electron transfer can provide information rather than a few angstroriSintermolecular donoracceptor
that .may be useful in the design of systems for practical electron transfer, on the other hand, is much shorter ranged.

applications. In addition, observation of well-understood electron- ;Ijhae rat.?ho(;'etlectron tranzfetr falls off ?pp;LoErgsa’gtgg exponen-
transfer reactions can be used to obtain information about local " 2"Y W! Istance on a distance scale o A~mrrbecause
environment in which electron transfer is occurring. electron transfer is a much shorter range than singlet excitation

. . transport, it can be used to probe the headgroup region of

Electron transfer in restricted geometry systems such as_. t h ing local he di |
micelles, reverse micelles, and vesicles attracts a great deal of NIcETES by characterizing local structure on the distance scale
interest®12.1527hecause of their potential to prolong the lifetime of |nd|V|.duaI moIeF:uIes. )
of charge-transfer states, a goal of electron-transfer studies 'N€ time and distance dependence of electron transfer in a
aiming to utilize solar energ$?-32 Micelles could be a useful ~ given system depends on properties of the donor and acceptor
medium for maintaining photoinduced charge separation becauséMolecules as well as characteristics of the local environ-
of their geometry and their multiphase character. They are ment®1>204¢45The difference between the donor and acceptor
composed of a hydrocarbon-like core and a headgroup regionstandard potential\E), standard free energy of transfex),
containing charged (or polar) surfactant headgroups, counterions@nd reorganization energy)( shown in Figure 2, determine
some water, and the first few methylene groups from the the energetics of the reaction. These quantities are determined

hydrocarbon tails (see Figure 1A). by solute energy levels, local dielectric properties, and molecular
Electron transfer in micelles can also provide information SiZ€S and charges. For donors/acceptors confined to the head-

about the nature of the micelle environment. Because of the 9roup region of a micelle, the environment cannot be ap-
sensitivity of intermolecular electron transfer to many properties Proximated as a single dielectric continuum. The headgroup
of local environment, it offers a unique method for probing local fegion has dielectric properties that are distinct from the interior
environments on the distance scale of angstroms. Distanceof the micelle, and both the headgroup region and the interior
distributions of molecules on these distance scales have©f the micelle have dielectric properties that differ substantially

from those of the bulk water, which surrounds the headgroup

* Corresponding author. E-mail: fayer@fayerlab.stanford.edu. Fax: (650) '€gion. Both the reorganization energy and the free energy are
723-4817. modified by the micelle’s “three-layer” structure, and both are
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Electron-transfer reactions have received a sustained high
level of attention from the scientific community for decades




Intermolecular Electron Transfer in Micelles

A)

hydrocarbon core

headgroup shell
region

water exterior

B)

low dielectric
core, £ )

intermediate
dielectric
(shell, g ¢)

high dielectric
(water, € w)

Figure 1. (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 counterions. The shell between the two circles is the region of
surfactant headgroupst§, most of the counterions—), the donor

(black) and acceptor molecules (shaded), portions of the surfactants’

hydrocarbon tails, and some water. The dielectric properties of this

region are intermediate between those of water and hydrocarbon. (B)

Model for electron transfer in the headgroup region of a micelle,
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tude and distance dependence of their electronic coupling. It
has been shown for different solvents and different denor
acceptor systems that intermolecular electron-transfer data are
not properly described by a contact-only or Collins-Kimball
rate2446.471t is necessary to include the distance dependence
of the electronic coupling in the distance-dependent rate
constant. The Marcus rate depends on the magnitude and
distance dependence of dor@cceptor orbital overlap. In
addition, the Marcus theory includes the distance-dependent free
energy change of transfer and the distance-dependent reorga-
nization energy AG and 4 in Figure 2). The resulting rate
constant can have strong distance dependence. Because of the
effects of local structure oG and A, the magnitude and
distance dependence of the electron-transfer rate in heteroge-
neous environments can also be very different from a simple
continuum rate constaf?.?

In donor/acceptor (nonbridged) intermolecular electron trans-
fer, diffusion and solvent-influenced doreacceptor distance
distributions play an important role in determining the time
dependence of electron transfer and, therefore, experimental
electron-transfer observabl&s!®-51 The donor-acceptor dis-
tance distribution is included in the electron-transfer theory
through a radial distribution functiomy(r), which determines
the effective acceptor concentration participating in the reaction
at a given distanceg(r) is determined by local molecular
structure and can cause notable deviations from the bulk acceptor
concentration at short doneacceptor distances. The rate of

incorporating a three-region dielectric structure. The donor and acceptordiffusion is distance-dependent as described by the hydro-

spheres, with radiapa, lie at distanceRpa from the center of the
micelle and diffuse on spherical surfaces with r&dii. r is the distance
between the donor and an acceptpiis 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 raditat
surrounds the micelle core. Finally, the shell is surrounded by water.
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Figure 2. Free energy diagram of three-state model consisting of (1)
donor and acceptor ground state, (2) photoexcited donor and ground
state acceptor (or photoexcited acceptor and ground state donor), an
(3) charge-transfer state. Excited-state population is created by photo
excitation with energyhwv and removed by relaxation to the ground
state with fluorescence lifetimeand electron transfer with rat€r).

dynamic effect2->4 The distance dependence of diffusion is
brought into the electron transfer theory throubifr), the
distance-dependent diffusion paraméfefhe consequence of
the hydrodynamic effect is slower diffusion at short donor
acceptor distances. The hydrodynamic effect can slow diffusion
near contact by a factor of 4 compared to bulk diffusidp?
Because most electron transfer occurs near contact, the radial
distribution function and the hydrodynamic effect can have a
significant influence on the time dependence of intermolecular
electron transfer in a given systém>5?

In this paper, experimental data are presented for electron
transfer between octadecylrhodamine B (ODRB) and elthiéy
dimethylaniline (DMA) or N,N-dimethyl-1-naphthylamine
(DMNA) in three types of aqueous micelle solutions: dodecyl-,
tetradecyl-, and cetyltrimethylammonium bromide (DTAB,
TTAB, and CTAB, respectively). The donor and acceptor
molecules are located in the headgroup regions of the micelles.
The data were analyzed with a statistical mechanical theory that
encompasses a number of key elements that affect photoinduced
intermolecular electron transfer as discussed abBb¥e>56The
theory, which incorporates a distance-dependent rate constant,
solvent structure, and diffusion of the donor and acceptors in
the headgroup regions of the spherical micelles, can be used to
calculate electron-transfer observables. A Marcus distance-

ependent transfer rate was used to describe through-solvent

(fransfer and incorporates solvent dielectric constants, redox

potentials, excitation energies, and Coulomb interactibasd
AG were calculated for a three-region dielectric model of the

The free energy difference between ground and charge-transfer statesnicelle. Local molecular structure is included as a model for

is the difference between donor and acceptor redox potenN&s>

0. The free energy difference between excited and charge-transfer state:
is AG < 0, the standard free energy associated with electron transfer.

A is the reorganization energy. Molecules, which undergo electron
transfer, return to the ground state via geminate recombination.

sensitive to the properties of each layer. In addition, individual

donor and acceptor molecular properties determine the magni-

the donor-acceptor distance distribution at the micelle surface
and the hydrodynamic effect is included in the form of a
distance-dependent diffusion constant. All parameters necessary
for the data analysis are measured, calculated, or known with
the exception of the donemacceptor electronic coupling pa-
rameters and micelle headgroup region properties. The theory
is able to reproduce both the functional form of the time
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dependence and the concentration dependence of the data. Thiaken to be at distance = Ry = Ra from the center of the
data cannot be fit without the three-region micelle model. The supporting sphere, as shown in Figure 1B. For this case, their
dielectric constant of the micelle headgroup region can be center-to-center separation distance can be characterized uniquely
inferred from fits to the data. In addition, it is not possible to by eitherr or y (see Figure 1B), where is the angle between

fit the data without including a donefacceptor distance the lines joining the centers of the donor and acceptor molecules
distribution determined by local structure. As a result, fits to to the micelle center. The doneacceptor separation distance
the data yield some information about molecular organization is

in the headgroup region. Excellent fits to the DMA/ODRB/

CTAB data were obtained with the same electronic coupling r =2Rsin(y/2) (1)
parameters determined for electron transfer between DMA and

rhodamine 3B (R3B, ODRB with a 2-carbon rather than a 18- and the contact distance fig = 2R sin(ym/2). ym is the angle

carbon tail) in a number of liquids? The information about  at which the donor and acceptor hard spheres are in contact. In
the headgroup region of the CTAB micelles derived from these the analysis of the distance dependence of the transferRate,
fits was used to determine the electronic coupling for DMNA/ is taken to be a constant, determined by the micelle size. The
ODRB in CTAB. These electronic coupling parameters, in turn, headgroup shell has an inner diameteragfand an outer
were used to determine headgroup region properties of TTAB diameter of as. The theory has the donor and acceptors
and DTAB micelles. The results show that the theory, including completely contained within the headgroup shell, so #at

a distance-dependent transfer rate, diffusion on the micelle R — max(@p, as) andas = ac + 2 max@p, aa).

surface, andl and AG for the three-region model, does a
respectable job of accounting for the intricacies of interaction
between donor, acceptor, and micelle in electron transfer.

There is at most one donor molecule per micelle, and the
micelles are in low enough concentration that donors are
noninteracting. Therefore, the theory uses a model in which a
micelle contains a single donor molecule and a given number
Il. Model and Theory of acceptor molecules, all diffusing in the micelle headgroup

A. The Model. In the experiments, micelles were chosen that "€9ion. The donor can transfer a hole (electron) to any one of
are spherical and monodisperééds8 The micelles were a number of ground-state acceptors on the same micelle.
modeled as three-region systems (see Figure 1B). The core of Photoinduced electron transfer can be modeled by a three-
a micelle, which contains the hydrocarbon tails of the surfactant state system. Figure 2 is a free energy diagram of a three-state
molecules, has approximately the density of pure hydrocar- €lectron-transfer system representing transfer in the normal,
bon5°€0 |t is modeled as a sphere of radias and given the noninverted regime. The lowest parabola represents the initial
dielectric properties of a hydrocarbon. Surrounding the core is System, with all molecules in their respective ground states.
a spherical shell, which contains the donor and acceptor Photoexcitation of the donor brings the system into the state
molecules, surfactant headgroups and counterions, some watef€presented by the highest parabola. Following photoexcitation,
and some methylene units from surfactant tails. Headgroup andthe system either relaxes to the ground state or progresses to
counterion charges are neglected, and the region is giventhe charge-transfer state by transferring an electron with the
dielectric properties somewhere between hydrocarbon and waterdistance-dependent transfer rakg,). Molecules that undergo
Finally, these two regions are surrounded by water. While the €lectron transfer can return to the ground state via geminate
model is an approximate representation of the problem of recombination.
electron transfer in micelles, it is sufficiently detailed to illustrate  The foundation of the data analysis used in this work is a
the importance of factors that are prominent in other contexts statistical mechanical theory that averages over all donor
such as electron transfer between donors and acceptors in liquicpositions to determine the time-dependent excited-state survival
solution®:8:40-42 probability [Pe,(t) (probability that the photoexcited molecule

There is at most one donor molecule per micelle, but there is still excited at timet after excitation), which is represented
can be many acceptors. In this paper, ODRB is referred to asby the experimentally observed time-dependent fluorescence.
the “donor” molecule even though it is a hole donor rather than Fluorescence yield can be determined by taking the area under
an electron donor. This terminology has been chosen to bethe time-dependent calculation. Together, the distance-dependent
consistent with the notation in the previously developed rate constant and doneacceptor distances at a given time
theory248.61.62n the theory and in this experiment, the “donor”  determine the survival time of the excited state.
is the molecule that is in low concentration and is photoexcited.  B. Electron-Transfer Rate Constant.For electron transfer
Accordingly, DMA and DMNA are referred to as the hole in the normal region{AG < 1), a widely used form ok(r)
“acceptors”. The donor and acceptor molecules were chosenfor nonadiabatic transfer was developed by Marf8:41.6365
so that they reside in the headgroup region of the micelles (see

Figure 1A). (A fraction of the acceptors do not bind to the o 1 ;{_(AG _|_/1)2

micelle and are in the water. These acceptors do not participate k(r) = —J02 exp[—p(@r — )l e

in the electron transfer. The fraction of acceptors in the micelles h AmikgT AkgT

is determined experimentally for each micelle. See below.) (2)
The donor and acceptor molecules are modeled as spheres

with radii ap andaa, respectively. They reside at distané&s wherer is the donofr-acceptor center-to-center distancg,is

and Ry from the center of the micelle and diffuse in the the donor-acceptor contact distance (the sum of the donor and
headgroup region, modeled as a spherical shell, at the appropri-acceptor hard sphere radii)si2 is Planck’s constantks is

ate distance from the center of the micelle (see Figure 1B). Boltzmann’s constant, and is temperature. The doner
Although andAG can be calculated fdRs = Ra, the diffusion acceptor electronic coupling is characterizedJgythe magni-
problem is only tractable if both donors and acceptors diffuse tude of coupling at contact, aifti which reflects the exponential
with their centers equidistant from the center of the micelle. distance dependence of the couplifr) is the solvent
Therefore, the centers of the donor and acceptor spheres argeorganization energy, antiG(r) is the standard free energy
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change of transfer. The doneacceptor distance is the through-  dielectric properties of the shell. The second term includes the
sphere distance,= 2R sin(y/2), shown in Figure 1B. In some  contribution from the micelle core, minus the contribution of
situations, electron transfer can be adiab®f?.For previous the shell over that region. Similarly, the third term is the
experiments in liquids involving the most strongly coupled contribution from the surrounding water, minus the contribution
donor-acceptor pair used in this study, it was not possible to from the shell dielectric over that region. Analytical solutions
fit the data with an adiabatic transfer rét€herefore, only the  to the integrals have been presented previdi¥8lgnd can be

Marcus nonadiabatic transfer rate will be used. found in Appendix A. The Marcus expression fag in a
The Marcus form oft for spherical reagents in a dielectric continuum solvept can be obtained by taklng the first term in
continuum©41.63.64 and the RehmWeller form of AG for eq 4 and removing the Kharkats correcti#hor donor and

similar condition4? are not directly applicable to the problem &cceptor volumes. .
of electron transfer in the headgroup region of a micelle because, | "€ Model neglects all the charges except those participating

of the heterogeneous nature of the dielectric environh#ht, I the electron-transfer event, even though the micelle system
The same approaches to calculatingnd AG can be used for consists of many charged headgroups with counterions. How-

heterogeneous environments if all space except the donor anoeverl,l I hgs been. dlsc%sselg '8 the Iléera}[ture that tge ei[fﬁc;[hof
acceptor volume is divided into regions with distinct dielectric S"_‘at It(')nlcl SPecies. st_ou € m(; e? co?wpatre IW(I:719I €
properties? as in the three-region micelle model described at orientational reorganization €nergy ot poiar solvent molectiies.

S : . : . 2. Free Energy of Transfe®\G) in Heterogeneous Systems.
the beginning of this section. An analytical theory for calculating 29 )
A and AG in a micelle environment has been presented AG(r), shown in Figure 2, Is the standard free energy change

elsewhere and will be summarized in the following sectibifs associated with photoinduced electron transfer. It is another
9 " distance-dependent parameter that affects the distance-dependent

1. Sobent Reorganization Energyl) in Heterogeneous  gjecron-transfer rate constant. DeterminatiohGi(r) requires
SystemsThe reorganization energy, shown in Figure 2, is  ynowledge of redox potentials of the donor and acceptor and
the free energy change that would be required to reorient atomsggcylation of the distance-dependent Coulombic interactions
and molecules as if they were forming and solvating the product of the reactants and products. Often, redox potentials are known

an inner sphere portiori;, and an outer sphere portioi:* the heterogeneous dielectric environment of an experiment. The
different local dielectric environments near the donor and
A=A+ 4, () acceptor molecules also affect Coulombic interactions. However,

these factors can be calculated to determine the distance

where; describes intramolecular structural changes associateddependence oAG in heterogeneous systefh
with removal of an electron from the donor and addition of an  The free energy change of photoinduced electron transfer can
electron from the acceptor aigd describes solvent reorganiza-  be written?*
tion about the products. The inner-sphere reorganization energy
can be calculated from the change in bond length and the force AG(r) = 1P, — EAy = W, + W, — hw ®)
constants of the normal modes of the molecéfe&ccordin . S .

9 where IR is the ionization potential of the donor, &As the

to Marcus, the outer sphere (solvent) reorganization ener -

depends on the size of rpeactan(ts and t%e segaration distancegyaEIeCtron affln_lty of the acceptokl, denotes the Fotal energy -

well as on the dielectric properties of the surroundin sol-' c%ange to bring the reactants/products together in the dielectric
40.41.63.64 . fic prop : 9 environment of interest at the given separation distance, and

vent#0:4L63.64 10 his original formulation, a homogeneous, . ) L

continuum solvent was considered hv is the donor singlet excited-state energy, taken to be the

; ) energy at which donor’s normalized absorption and fluorescence
The continuum approach can be extended to heterogeneou%pectra cros®
media if all space can be divided up into a number of regions  \yeller calculatedAG in a bulk solvent with a known static

with different dielectric propertie3®® For the three-region gielectric constant when redox potentials are known in a solvent

micelle model A, can be written as follows: with a different static dielectric constaftt. Following his

method, AG in a heterogeneous system can be calculated from
g ) e(ac — o) redox potentials measured in bulk solution. The difference

Ao=277 j;w—uD—yA(ED —E)dVt——F—x between IB and EA, can be written in terms of donor and

321, 327°¢, acceptor redox potentialEf®’ed and solvation free energies

(0l — Og) as follows:
2 W 2
S, (Eo — En’dv+ —y S, (Eo —En’dV (4)

0 1P, — EA, = (B — B4 + (1 ~He-9 ©

where S represents the headgroup shell region in which the
donor and acceptor reside, C represents the micelle core, andN.here B denotes measurements made in a bulk ||qU|dW|th static
W represents the surrounding wate§.= eop.q* — €sig ™t €opg dielectric constansg. The redox term for bulk solution can
andeg g denote the optical and static dielectric constants of the P& measured experimentally with cyclic voltammey, is the
appropriate regiony.s denote the volumes of the appropriate solvation energy of individual reactant or product ions in a
micelle regions or donor/acceptor spheeis, the charge of an ~ Vacuum:
electron, andk, is the permittivity of free spaceEpa(r) =

2
—VI|r — rpal ~tis the electric field at point associated with Sy = L(q 2 E,2dV+q 2f E,2dV) =
. . Ip 2 D Jo—y, D A S o—py —A
charged donor/acceptor conducting spheres locategatin 3271°¢,
a vacuum. The first term in this equation integrates over all 2 (g 2 q 2
space except donor and acceptor volumes and represents the € (o + A 7)
solvent reorganization energy in a solvent continuum with the 8e\ap @
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wheregp andga are the charges on the donor and acceptor in S.Oly,) =1

units of e. Reactant charges are used for calculatiosaind

product charges fof,. Solvation energies calculated in this ise o)l —-0 )

section assume a reference state of infinitely separated reactants/ Ay, Volly =

products in a vacuum. BecausepllEA, is a relation of gas-

phase properties, eq 6 applies to both micelle and bulk liquid heret is time andy, is the initial angular position of the

systems. acceptor with respect to the donor, written in terms of angle
W, terms incorporate both solvation energies and Coulomb (see Figure 1B)k(y,) is the rate constant of electron transfer

interactions of the ions. For the three-region micelle model they at that distance. The donor and acceptor molecules cannot

can be written as approach closer than the sum of their hard sphere radii, which
is represented angularly bym. L,,* is the adjoint of the
2 T .
€ 1 1 1 Smoluchowski diffusion operator:
o=t L )
327 €q est, A est,C Est, ¢ .
11 ) L=t oY) 8 g S
(- Jeso raerav—s, @ b TRang, " T 3,200
st,W st,
Reactant and product charges are used \gr and W, ksT | 9y,
respectively.

The expression foAG in a continuum can be obtained when whereR is the radius of the sphere on which the donor and
egs 5-7 are used with the first term in eq 8, withk s = €. If acceptor diffuseD(y,) is the distance-dependent lateral diffusion
the Kharkats corrections for donor and acceptor volume are coefficient, kg is Boltzmann’s constanil is temperature, and
neglected in this expression, the RehWveller expressiof? for V(y,) is the distance-dependent potential in which the acceptors
a continuum is obtained. are diffusing. Note that the doneacceptor separation distance

If the donor and acceptor are in the same dielectric region, is completely defined by, so the diffusion is one-dimensional.
these expressions foAG and A can be rewritten for any  Equation 9 for S(t|y) cannot be solved analytically, and
heterogeneous dielectric environment in which all space is humerical evaluation must be followed by numerical integration.
divided into regions and each region can be described with The experimentally observed ensemble averaged excited-state
specific optical and static dielectric constaftsAppendix A survival probability in a micelle with one donor andicceptors
contains analytical solutions to the integrals in egs 4 and 8 for is
the micelle three-region dielectric modeRroperly modeling
the heterogeneous dielectric nature of the micelle system can (P, ()] =& [ ["S,(tly)2tResiny,g(yo) dyd"  (11)
lead to very different calculated rate constants compared to a 7m
continuum approach (see Appendix B) and can have a significant
impact on the results of data analy%®s.

C. Experimental Observables.In the experiments presented
in this work, electron transfer is induced by photoexcitation of

wherert is the fluorescence lifetime of the donor in the absence
of electron transferg(y) is the solvent radial distribution
function used to model the doneacceptor distance distribution.

a donor molecule. The donor is photoexcited and undergoesT0 get th? final e_xperlmentally observable quantity, eq 11 must
be combined with the fact that acceptor molecules are not

relaxation to the ground state (fluorescence and nonradiativeOlistlributeol uniformly amona micelles
decay) or electron transfer to any of the acceptors on the same Y 9 : . .
Acceptor molecules are assumed to follow a Poisson distribu-

micelle. Transfer results in quenching of the donor fluorescence. tion aboutN. the mean number of micelle-bound accentors per
The experimental observables that are modeled theoretically are ol Thén the observablgo(t)C] is P P
time-dependent and steady-state donor fluorescence. Transient ) ' e
absorption measurements could also be made to measure the o —Nuin
time-dependent excited-state population. The time dependence P

. . . = ) —— P (t 12
of acceptor fluorescence or the excited-state transient absorption o) 2 oD (12)
is an observable that corresponds to the ensemble averaged
excited-state survival probability as a function of tirfis(t)LJ [Pex(t) (s independent of donor concentration because it applies
Details of the theory for micelles have been presented elsewherqyq the case in which donor concentration is low enough that
without a distance-dependent diffusion constant and without the ga¢h micelle has at most one donor.

here with these two important effects added. fluorescence, it is valuable to study the steady-state fluorescence
Diffusion and the rate of forward transfer can be accounted yjeld, ®. In the time-dependent measurements presented below,

for theoretically starting with the one-donor, one-acceptor case. the shortest time scale behavior of the electron transfer is masked
SA(tlyo) is the probability that the donor is still excited at time  py the convolution of the instrument response with the electron-

t, given that it was photoexcited &= 0 and that the donor and  transfer dynamics. Fluorescence yield experiments are sensitive
acceptor were separated by angle(distancer) at that time, o the integrated area of the unconvolvid,(t)J As a result,

for the one-donor, one-acceptor case. All distances are centerthey provide information about electron-transfer dynamics that
to-center distancesS(t|yo) is the solution the following  are obscured by instrument response in the time decays. Because
differential equation, with initial and reflecting boundary the fluorescence yield is not limited by the time resolution of

conditions as follow$?62 the time-dependent experiments, it provides some information
about electron-transfer dynamics on the time scale shorter than
0 + the laser pulse lengtk® is the ratio of steady-state fluorescence
=S (t =L t —k t . .
8tS'3X( 7o) 7o 7o) (ro)Setl7o) from a sample with acceptors to one with no acceptors. It can
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be written using the integrated areas under unconvoliPed lated for a heterogeneous medium in the same way Al@at
(H)Ocurves: was calculated above and included in eq 10 for diffusion in the
micelle headgroup region.
b A distance-dependent diffusion constab{r), accounts for
o TP, (t) it . JTUSIO :
d=2° (13) the hydrodynamic effect, in which molecules diffuse toward
T each other slower at short distances because solvent molecules

entrained to move in the direction of a diffusing solute molecule
where the area undéPe,(t)Iwith no acceptors is the fluores-  repel other nearby solute molecuf@s®47374 D(r) can be
cence lifetimez. In fitting data, the fluorescence time decays expressed theoretically with forms that depend on whether stick
and fluorescence yield experiments are fit simultaneously.  or slip boundary conditions are appropriate for the particular
D. Solvent Structure and the Hydrodynamic Effect.In the experimental system. An expression (r) was developed
theoretical description of electron transfer in liquidighe effects by Deutsch and Feldertf3f2 for the case of stick boundary
of solvent structure on solutesolute distance distributions and  conditions, which are most appropriate when solute molecules
the hydrodynamic effegt>*734were included based on the  are larger than the solvent molecufésn expression foD(r)
vast amount of information available in the literature. It was using slip boundary conditions, which are most appropriate when
found that a hard-sphere solvent radial distribution function, solute and solvent molecules are similar si¥ebas been
o(r), was adequate for describing the sotuselute distance developed by Northrup and Hynés:
distribution in the calculationsIn addition, analytical forms
1 F =T
1 2ex;{ p )] (16)

for the hydrodynamic effecB(r), are available for liquid&%53.74
However, no equivalent treatments for eitlgér) or D(r) exist D(r)=D
for the headgroup regions of micelles. As in the experiments

whereD is the sum of the donor and acceptor bulk diffusion
coefficients,ry, is the donor-acceptor contact distance, and
is the solvent diameter.

on liquids2-5 it was found that agreement between theory and
The influence ofg(r) andD(r) on electron transfer has been

experiment could not be achieved for the electron-transfer
illustrated previously for liquid solution3551 Compared to

experiments in micelles without the inclusion gfr). As an

approximation, the three-dimensional formsggf) and D(r)

have been employed. As shown below in the data analysis, the

3D forms appear to work well. . .

g(r)is usgg to describe the distribution of acceptor molecules caIcuIa_tlons that ‘?f_“'“ef‘-’l(f_) _and D(r), the electron-transfer

about the donor moleculé®.For hard-sphere solute/solvent dynam_|cs are modified significantly. T_he_ changes t_)rou_ght about
by the inclusion ofy(r) andD(r) are of similar nature in micelles
to those illustrated for liquids. The details of the influence of
g(r) andD(r) on electron-transfer dynamics in a specific system
depend on the exact parameters of that system. However, some

molecules with low solute concentrations (less than a few tenths
molar), solute molecules tend to follow the structure determined

general statements can be made. Compared to calculations that
omit g(r) andD(r), g(r) influences the short time behavior and

by the solvent molecule$.This means that acceptor molecules
D(r) influences the longer time behavig(r) increases the local

follow the solvent radial distribution function about a donor
concentration of acceptors that are very close to the donor,

molecule. The peak ig(r) in the first solvent shell and the
oscillatory nature ofy(r) have profound effects on the probability

making the short time transfer faster than it would be in an
isotropic continuum.D(r) slows the approach of donor and

of finding an acceptor near a donor. Because electron transfer
acceptor by diffusion, which slows the longer time transfer. It

is short range, these short-range oscillations have a strong
influence on the time dependence of electron transfer.
For this work, hard-sphere radial distribution functions are
will be shown thatD(r) does not have a discernible effect for
the experimental circumstances of electron transfer contained
in this paper. Howeve)(r) must be included when analyzing

calculated by solving the Percu¥evick equatiorn’>-7° using
an algorithm given by Smith and Hender&band modified by

a new set of experimental data, because it is difficult to predict
whetherD(r) will have an effect for a given set of conditions.

a Verlet-Weis correctiorf! r is the donor-acceptor center-to-
The electron-transfer observable, the donor excited state

center separation distance, so all radial distribution functions
population, has a complex, nonexponential time-dependence that

are shifted so that the first peak is at the sum of donor and
acceptor radii. Dense, room-temperature liquids generally have

can only be properly described when the ensemble averages
over distances are properly performed by using a distance

a range of packing fractiong = 43—48%/75884 Thereforey
dependent transfer ratg(r) and D(r).

= 45% was used in the calculations.

Diffusion is affected byg(r) because the nature of the
diffusion must preservg(r). Diffusion that maintaing(r) can
be included in the theory by requiring the diffusion to occur
within a potential of mean forc&:5474 .

I1l. Experimental Procedures
w(r) = —kg T In[g(r)] (14) Details of the sample preparation have been presented
elsewheré. The only difference is that two “hole” acceptors,

If both of the reactants have nonzero charges, the CoulombPMNA and DMA, are studied. In short, three types of micelles,
interaction also affects diffusion. The total potential in which DTAB, TTAB, and CTAB, are used to make aqueous solutions
the donor and acceptor molecules diffuse can be written: with surfactant concentrations just above their respective critical

micelle concentrations, which ensures that the micelles formed

&2 are spherical and monodisper$éd:58DTAB and TTAB were
V(r) = w(r) + AorGar€ (15) the highest commercial grade available from Aldrich, and CTAB
A sl was obtained from Fluka (99%). Micelle concentrations were

206um for all micelle systems. Critical micelle concentration,
where €5 is the static dielectric constant of the continuum cmc, and aggregation numbe,g, are reported in Table 1.
solvent.V(r) can be included in eq 10 for diffusion in three ODRB, the photoexcited hole donor, was obtained from
dimensionsV(r) including a Coulomb potential can be calcu- Molecular Probes. The ODRB molecules are tethered into the
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TABLE 1: Micelle Characteristics 2.5 A
micelle cmce, mM2t Nagg 2t R A 2
DTAB 15.0 50 16.7 < 15 |
TTAB 35 67 19.2 !
CTAB 0.8 92 21.7 by
micelles by their 18-carbon chains, with the charged rhodamine 05 1
portion of the molecules in the headgroup regio@ctadecyl- 0 : : - '
rhodamine B is not a zwitterion like rhodamine B. ODRB is 025 | B
the octadecyl ester of rhodamine B. The ester replaces the 02 L
carboxylic acid of rnodamine B. The concentration of ODRB < o015 |
is 20 uM, whereas the micelle concentration is 20@. This ’
ensures that there is at most one ODRB per micelle. ODRB 0.1
has a negligible affinity for the aqueous phase but exists bound 0.05
to the micelle. Fluorescence anisotropy studies of electronic 0 : : - : :
excitation transfer among ODRB molecules in micelles have 220 240 260 280 300 320 340
shown that the chromophore headgroups of ODRB are located wavelength (nm)

_at the m'ce”e Sgﬂaci in the rl‘r(;lcslle headgrgu]E) re@Fo‘ﬁh;s | Figure 3. Absorption spectra of DMA (A) and DMNA (B) in aqueous
Is consistent with what wou e expected for a molecule ctag solutions. From left to right, solid curves are spectra taken with

comprised of a long hydrocarbon chain attached to a chargedsyp-cme surfactant (no substrate bound to micelles), experimental
group. surfactant concentration ([M§ 206 um), and 10 times experimental
DMA and DMNA were the highest quality available from surfactant concentration (essentially all substrate bound to micelles).
Aldrich and used without further purification. DMA was Al curves shown in each figure represent the same substrate concentra-
purchased sealed under nitrogen. For each of the micelle/donoitio- The dashed line represents a superpositiottiafies the unbound

combinations. four samples were prepared: one sample wa spectrum and (- x) times the bound spectrum, where %046 the
' p prep ’ P Spercent of substrate bound to the micelle in the experimental solutions.

made with only ODRB, and three samples were made with For pMA/CTAB, % bound= 58. For DMNA/CTAB, % bound= 94.
ODRB and different DMA/DMNA concentrations. Because

time-dependent and fluorescence yield measurements were A study using neutron scattering determined the penetration
performed at different times, two entire sets of samples were of water into CTAB, TTAB, and DTAB? The study showed
prepared so that both measurements could be made with frestihat water is found some distance into the headgroup region,
samples. DMA as the acceptor was studied in CTAB only. but not in the cores. In CTAB and TTAB, water is present as
DMNA was studied in CTAB, TTAB, and DTAB. Data taken far as~2.5 methylenes into the micelles, while it penetrates up
on the DMA/ODRB samples in all three micelles have been to~4 methylenes in DTAB. The part of the micelles composed
presented previousRf However, it was assumed in the previous of the actual headgroups and the methylenes that are exposed
studies that 100% of the DMA put into solution was bound to to water comprise the headgroup region of the micelles. DMA
the micelles. In the current study, it was determined that a and DMNA are both polar and polarizable. DMA is mildly
substantial fraction of the DMA remains in the water and does soluble in water, and DMNA is slightly soluble in water (see
not participate in electron transfer. Close to 100% of DMNA below). The mixed water/hydrocarbon headgroup region of the
binds to the micelles. As discussed below, the fraction bound micelles is a good solvent for both DMA and DMNA relative
to each micelle was determined. Because the binding of DMNA to the pure hydrocarbon micelle cores. A recent study of the
to the micelles is almost complete, error in the determination location of 2-ethylnaphthalene (2EN) in micefleshowed, for
of the fraction that remains in the water is smaller for DMNA example, that-80% of 2EN is located in the headgroup region
than for DMA. The DMAs are more strongly bound to CTAB  of TTAB and~20% is in the core. Both DMA and DMNA are
as compared to the smaller micelles. substantially more polar than 2EN, which should shift their
DMA has been shown to reside near the surface of mic&les. distributions to the headgroup region.
NMR measurements in CTAB solutions showed a large shift  Further evidence for the location of DMA and DMNA was
of N—CH and o-CH protons upon addition of even small obtained by using fluorescence spectroscopy. While the absorp-
amounts of DMA. Such a shift is consistent with localization tion spectra change with the medium to some extent (see Figure
of an aromatic ring near these protons. Chemical shifts on 3), the fluorescence spectra show a dramatic shift. For example,
protons associated with methylene groups farther from the the peaks of the fluorescence spectra of DMNA in hexane,
surface occur only at DMA concentratior®.7 times the CTAB CTAB, TTAB, DTAB, and water are located at 379, 429, 431,
concentration, when the deeper hydrocarbon protons near the433, and 447 nm, respectively. The peak positions in the
micelle interior begin to show substantial shift. This is inter- micelles are significantly different from those in either pure
preted as due to penetration of DMA into the micelle occurring water or pure hydrocarbon. Therefore, the DMNA is located in
at very high DMA concentrations after saturation of the surface an environment that is intermediate between water and hydro-
region® Furthermore, at such high doping levels, the structure carbon, consistent with the headgroup region. Based on the
of micelles changes substantiaffy8° There is a large increase  fluorescence spectra, assignment of the location of the chro-
in the aggregation number, and there can be shape changesnophores to the headgroup region is consistent with the neutron
Therefore, the location of DMA at high doping concentration scattering data that show there is significant water, in addition
does not provide information on the situation encountered in to methylenes, present in the headgroup regions of the micelles.
the current experiments. For the concentrations used in this Several methods have been presented for determining the
paper, the NMR study indicates that DMA molecules will be binding constant of substrate molecules to micefé8.Using
in the headgroup region rather than in the interior of the micelles. the same principles as in these methods, binding constants were
It is expected that DMNA will behave similarly to DMA and  determined for the four micelle systems presented in this paper.
be located in the headgroup region. UV —vis spectra were obtained for both DMA and DMNA in
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TABLE 2: Substrate Concentrations in the Four Micelle TABLE 3: Acceptor Diffusion Characteristics and Donor

Systems Fluorescence Lifetime

substrate micelle N up-conversion N yield? % bound substrate micelle 7, pS  7caca CP Dap caics A2/NS 7,ns

DMA CTAB 5.9,8.4,125,16.6 5.3,7.5,10.4,109 %& DMA CTAB 120+20 10.3+1.7 15.3+25 1.78+0.05

DMNA DTAB 2.3,4.7,7.0 2.3,4.7,7.0 8& 2 DMNA DTAB 1404+20 8.2+1.2 159+23 1.78+0.05
TTAB 2.4,4.7,7.2 2.2,45,6.9 98 2 TTAB 170+20 10.0+£1.2 13.1+15 1.84+0.05
CTAB 1.4,29,43 1.4,28,41 94 2 CTAB 220+20 129+1.1 10.1£0.9 1.89+0.05

aThe error bars on th&l values can be found by using the error . o .
bars on the % bound values. that has properties distinct from the core or surrounding

water?8.20.959 We choose to leac = R — 4.12 A and the

sub-cmc surfactant, in the experimental concentration of sur- outer radius of the shell bas = R + 4.12 A, so the shell
factant, and in 10 times the experimental concentration of thickness is the donor diameter.
surfactant for each of the three surfactants. The DMA concen-  The optical and static dielectric constants for hexagg=
tration was 2 mM, and the DMNA concentration was 0.31 mM. e = 1.882° were used for the micelle’s hydrocarbon core. For
Spectra were corrected for small variations in the concentrationsthe water surrounding the micellegp, = 1.77 andes; = 78.3%°
of DMA and DMNA used to made each sample. The peak for The optical dielectric constant for the headgroup shell region
substrate absorption in sub-cmc surfactant (representing unboundlid not significantly affect the fits, se,, = 1.9 was assumed
substrate, because no micelles are present below the criticalin all cases. The static dielectric constant of the headgroup shell
micelle concentration) is always to the blue of the experimental will be discussed in detail in following sections. The dielectric
solutions, and the absorption peak in high concentration constants are used to calculate both solvent reorganization
surfactant (representing substrate completely bound to micelles)energy and free energy of transfer in micelles.
is always to the red of the experimental solutions, as shown in  The oxidation potentials of DMNA and DMA in acetonitrile
Figure 3. vs SCE are 0.75 and 1.01 V, respectivEy191The difference

The percent of substrate that was bound to the micelles wasbetween the reduction potential of rhodamine B and the
determined from the spectra by adding together the experimentaloxidation potential of DMA in acetonitrile has been measured
spectra for unbound substrate (sub-cmc surfactant) and boundoy cyclic voltammetry and is 1.55 ¥These data were combined
substrate (10x experimental surfactant concentration) to obtainto calculate E°* — Ee%yecny = 1.29 V, the difference in redox
the substrate spectrum at experimental surfactant concentrationpotentials in bulk solution for DMNA/ODRBeg = 35.9 is used
To determine the binding constant, the bound spectrum wasas the static dielectric constant for bulk acetonitffey in eq
multiplied by 0 < x < 1 and the unbound spectrum was 5 is the frequency at which the normalized donor absorption
multiplied by (1— X). x is the fraction of the substrate thatis and fluorescence spectra crogs= 580 nm for ODRB. These
bound to the micelle. Results are reported in Table 2 as % values were used in eq 5 to calcul# for electron transfer
bound. DMNA is much less soluble in water than DMA, and a on a micelle.
higher percentage of DMNA is bound to the micelles than DMA.  Translational diffusion constants of DMA and DMNA in

In Table 2, the average numbe\, of substrate molecules  acetonitrile were measured by cyclic voltammetry to be 305
bound to each micelle is listed. The donor molecules are and 252 &ins, respectively. Details of the experiment have been
assumed to follow a Poisson distribution among the micelles. presented previousR/Briefly, steady-state sigmoidal voltam-
DMNA is less soluble in the micelles themselves than DMA. mograms were taken by using an Ensman Instrumentation 400
Therefore, the values & for the DMNA samples are smaller  potentiostat and Bioanalytical Systems /4 platinum ultra-
than the values for DMA. Because two separate sets of samplesnicroelectrode. Limiting current was translated into diffusion
were used in the experiments, one set for the time dependeniconstant following the example of Baur and Wightni&h!o4
up-conversion experiments and one for the fluorescence yield In addition, rotational diffusion was determined from anisotropy
experiments, two sets of numbers are listddjp-conversion  measurements for both DMA and DMNA in each of the three
andN vyield. micelle solutions and for DMNA in ethylene glycol. Anisotropy

Donor and acceptor radii were determined from molecular decays were obtained by time-correlated single photon counting.
models. The hard sphere radius for each molecule was taken tdDetails of the apparatus can be found elsewA&Excitation
be the radius of a sphere with the volume obtained from the pulses were provided by a cavity-dumped dye laser running at
molecular model. Radii used were 4.12 A for ODRB, 3.09 A 640 nm frequency-doubled to 320 nm for DMNA and 600 nm
for DMNA, and 2.75 A for DMA. These values should be more  frequency-doubled to 300 nm for DMA. Photons were detected
accurate than previously used values that were based on crystalith a Hamamatsu microchannel plate detector in combination
structures of similar molecules rather than the actual mol- with a subtractive double monochromator tuned to 422 nm for
ecules®® The distance of closest approach between the donor DMNA and 370 nm for DMA. The instrument response was
and acceptor is 6.87 A for ODRB/DMA and 7.21 A for ODRB/  ~65 ps fwhm.
DMNA. y, is the angle associated with this distance and varies  Orientational relaxation times, are listed in Table 3. They
with R, the micelle radius. The micelle radii are given in Table were obtained from fluorescence anisotropy decays. Errors in
198 7y are about 10 ps. The Debye expression for rotational diffusion

R, the micelle radius, is defined as the distance from the center can be used to solve for the effective viscosity in the headgroup
of the micelle to the center of the donor and acceptor molecule region9¢
(see Figure 1B). Because DMA resides preferentially at the edge
of the micelle hydrocarbon cor® was taken to be the core
radius determined by the Tanford equatidd= (1.5+ 1.265)- T, =
T A, whereT is the number of carbons in the hydrocarbon%il. 3KkgT
The analytical theory requires that the headgroup shell must
enclose all donors and acceptors completely. Both simulationswherekg is Boltzmann’s constantl is temperaturea is the
and experiments predict a® A thick surface region in micelles  solute radius (the hard sphere radius was used) faisdthe

Amainf
_ e (17)
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correction factor for rotational diffusion of nonspherical mol- from a sample without acceptors. Fluorescence lifetimdisted
eculesf, = 0.566 was determined by substituting known values in Table 3, were measured in samples containing no donor
of all parameters excefitinto eq 17 for rotation of DMNA in molecules.
ethylene glycol. Because DMA and DMNA have essentially
the same ratio of major/minor axes, this result is used for both 1V. Results and Discussion
DMA and DMNA calculations. This correction factor would
be expected to apply for cases of slip boundary conditions,
because slip boundary conditions apply to rotational diffusion
in ethylene glycol® Slip boundary conditions would also be
expected for headgroup region because surfactant headgroup
would not move readily with the solute. Calculatgd are listed
for DMA and DMNA in the micelles in Table 3. The similarity
between viscosities calculated for the same micelle using
different substrates is encouraging given the error in rotational
:gﬁgil;fsrgeo?fﬁ éthcilzjrrar;i“;:y of the Debye expression, anddiscussed in section II..D, the radial distribqtion funct!gfr,),

) ) e and the hydrodynamic effectD(r), were included in the

These effective viscosities are used to calculate lateral ogcylations.

diffusion constants in the headgroup regions using the Stokes
Einstein relation in two dimensiori§®

For each of the four micelle systems presented in this paper,
fluorescence up-conversion and fluorescence yield data for three
or four different acceptor concentrations were fit simultaneously.
gxperimentally determined values fBin a number of different
electron-transfer systems fall in a range centered around 1
A~117.4664,109.11¢n experiments in liquids using R3B and DMA,
the data were fit well witip = 1.0 A-1.23 Therefore, in fitting
the dataf is not an adjustable parameter; it is taken to be 1.0
A-1 Diffusion constants listed in Table 3 were used. As

The electronic coupling between rhodamine 3B (ODRB with
a 2-carbon rather than a 18-carbon hydrocarbon tail) and DMA
has already been measured in a number of liquids with excellent
_ ke T (18) agreement between experiment and calculatfériEhe liquid
Aranf, data could be fit withJ, = 300 cntt and = 1.0 A~ when
inner-sphere reorganization energylis= 0.10 eV. The value
wheref, is the correction factor for translational diffusion of of A; was taken from values calculated in the literature for si_mi!ar
nonspherical molecules. For stick boundary conditidnsan molecules. Therefore, these.values are used as constants in fitting
be calculated from eq 18 by using measured translational e DMA/ODRB data in this work. For the DMA/ODRB in

diffusion coefficients and other known parameters in acetonitrile. CTAB system, the only remaining unknown parameters are the

Because diffusion in acetonitrile is in three dimensions rather static dielt_actric CO“Star.“ of the headgroup shell regigr, and
than two, the 4 is replacedyba 6 in eq 18.With this the effective solvent diameter that enters igfo) ar_1d D(r)_.
modification, f, = 1.200 and 1.288 were calculated for DMA ~_ \When DMA/ODRB/CTAB data are analyzed without inclu-

and DMNA, respectively. Because slip boundary conditions sion ofg(r), all values ofes; sresult in poor fits to the data. The
would be more appropriate for a micelle headgroup region,theseca‘lculme‘j decays are always slpvv_er than t_he_ exper_|mental
numbers must be modified. From molecular models, the oblate measurements. How_ever, Whgff) Is included, it is possible
spheroid major and minor axes were measured to be 9.0 and© fit the time and yleld_ data smultanepusly when thglhard
2.5 A for DMA and 9.2 and 2.5 A for DMNA (the length across sphere solvent diameter is 4A¢ < 10 A. Fits are not sensitive
the benzene ring and N(GH in DMA is about the same as to the in_clusion ot_)(r)_orto the solvent diameter used_fi)(r)
the length across the naphthyl structure in DMNA). From these calculations. For liquidsD(r) has the strongest effect in cases
numbers, the slip/stick correction factor can be determified of fast diffusion? The diffusion in the micelle systems studied
Correction factors for slip boundary conditions were calculated h_ere IS SIOW enough that the hydro_dynamlc_effect ha_s no
to bef, = 0.753 and 0.808 for DMA and DMNA, respectively discernible influence on the data. It is included in calculations,
t— U. . , . . .
Finally, lateral diffusion constantB), in the micelle headgroup using the same .S°'V¢”t diameter asgr). However, CaICL_"a'
regions can be calculated from eq 17 by using the estimatedt'ons are indistinguishable from curves calculated with no

viscosities calculated from eq 16, using slip correction factors hydrodynamic effect. Wheg(r) is included, excellent fits are
) . g g sip " obtained to the time and yield data fesis = 4—7, foro =
The results are listed in Table 3.

o - ) 4—10 A (e decreases asincreases). Figure 4 shows data and
The calculated lateral diffusion coefficients are approximate. fits for the DMA/ODRB/CTAB system. These fits are unique,
The estimates and approximations made in the calculations leadynq parameters outside these ranges do not give acceptable fits
to uncertainty in the values given in Table 3. The error bars {5 the data. In the fits showny = 5 A was used. This
given in Table 3 are based on uncertainties in the actual corresponds approximately to the size of the surfactant head-
measurements. However, systematic errors related to the usgyroup, a reasonable value. The dielectric constant of 6, which
of egs 16 and 17 cannot be ruled out. Nonetheless, the predicteggS obtained with = 5 A, is a reasonable value. Neutron
trends should be correct, and the true diffusion constants arescattering experiments show that CTAB has some water in the
eXpected to agree with those listed in Table 3 within a factor of headgroup region but Signiﬂcanﬂy less than in DTABThe
2. Because ODRB molecules are tethered into the micelles, theiryg|ye of e, s Obtained is substantially greater than that of the
diffusion is insignificant compared to that of DMA and DMNA - hydrocarbon core but substantially less than that of water.
and is not considered in the data analysis. The properties of the CTAB headgroup region that were
In this study, both time-dependent fluorescence decays anddetermined from fits to the DMA/ODRB/CTAB data should
fluorescence yield data were collected. Experimental details canapply equally well for the DMNA/ODRB/CTAB system. For
be found elsewher¥The fluorescence up-conversion technique the DMNA/ODRB system, the electronic coupling between the
was used to take the time-dependent data. The sample waslonor/acceptor pair is not known from previous experiments.
excited with a 30-ps, 568-nm laser pulse. The fluorescence isHowever, if § is again taken to be 1 &, there is only one
summed with a time-delayed 882-nm pulse to time-resolve the fitting parameterJ,, because andes; swere determined. When
decay. Steady-state fluorescence yield measurements were¢hese parameters are fixedat 5 A andes s= 6, very good
corrected for ODRB concentration and compared to fluorescencefits to the DMNA/CTAB data are obtained fdg = 70 cntl.
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shows fluorescence yield data) and fits @). shows fluorescence yield dat@)(and fits @).

Figure 5 shows data and fits for DMNA/ODRB/CTARB; is that there is more water penetration into the headgroup regions
smaller for DMNA/ODRB than for DMA/ODRB. A possible  of DTAB than of CTAB Increased water in the headgroup
explanation for this is discussed below. region is consistent with increasee s Furthermore, the fits
Using J, = 70 cnt?, fits to the DMNA/ODRB/TTAB and require the same values ofto enterg(r) in all three micelles.
DMNA/ODRB/DTAB data sets can be obtained using the If ¢ is determined by the size of the surfactant headgroups, as
headgroup properties andes; s for TTAB and DTAB as the is suggested by the value of it is reasonable that the saroe
adjustable parameters. Figures6 and 7 show data and fits forshould emerge for fits of data for the three different micelles.
DMNA and ODRB in TTAB and DTAB, respectively. It is only Data exhibiting the greatest amount of transfer can be fit most
possible to fit the DTAB and TTAB data with, = 70 cnt? if unigquely and lead to the most reliable conclusions. The lack of
g(r) is included in the calculations. Both sets of data can only totally unique fits is partially due to the difficulty involved in
be fit when 4 A< ¢ < 8 A, with 20 < eqs < 78. The large fitting the exact shape of the distinct curves. Increased transfer
possible range of dielectric constants signifies that the headgroupoccurs for samples with higher donor concentrations, which are
region is very polar in these micelles. The fits are very good more sensitive to the effects gfr) andD(r). As a result, the
although there is some error in the yields. Given the uncertain- first fits that were performed were for DMA/ODRB/CTAB,
ties, esrsmay be the same in the two micelles. The calculated which have the highest bound acceptor concentrations. These
curves in the figures are fag,s= 30. Neutron scattering shows  results demonstrate thgfr) has a significant impact on electron
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transfer in the headgroup regions of micelles. In addition, they  The value forJ, found for DMA/R3B in a number of liquids
suggest that groups in the headgroup region of diardefeor is 300 cnT1.23 This value is somewhat dependent on the choice
larger determine the solutgr) and that the effective dielectric  of A;. 4; used in the calculations was taken from literature values
constant of the headgroup region is approximately 6. The other of similar moleculeg:'1*114 ChangingA; does not affect the
two sample sets with large amounts of electron transfer and theshape or quality of the fits, but changes thevalue resulting
most reliable data are DMNA/ODRB/TTAB and DMNA/  from fits. J, values determined from fits can change-b§0%
ODRB/DTAB. Fits to these data indicate that the effective for a range of reasonable valuesipt However,; is an intrinsic
dielectric constant in the headgroup region of the micelles property of a pair of molecules, anl values determined in
increases as micelle size decreases. This is in agreement withlifferent surroundings for the same donor/acceptor pair using
neutron scattering studies that have shown that there are morehe samet; should be comparable. Whehwas fixed at 0.10
methylene units in contact with water in the smaller trimethyl- eV in the liquid studies], was found to be consistent for all of
ammonium bromide micelles and that water penetrates deepetthe liquids?® R3B and ODRB are both esters and only differ
into the smaller micelle¥ by the length of the alkyl chain on the ester. Therefdgayas
For all of the micelle electron-transfer systems studied, the taken to be the same for DMA/R3B and DMA/ODR&, for
three-region model (core, headgroup, water) is necessary.DMNA/ODRB was found to be 70 cni. The difference inJ,
Calculations performed with a simpler two-region model in for the two hole acceptors can arise for a number of reasons.
which the headgroup region was given the same dielectric DMA and DMNA could have different; values, which would
properties, as either the surrounding water or the hydrocarbonresult in differentJ,s. DMNA is larger than DMA.J, is the
core, cannot fit the data, so the entire three-region model is electronic coupling matrix element at contact. In the theory,
necessary. the distance is the center-to-center distance of spheres. The larger
Although many of the parameters that are included in fitting DMNA is thus farther away from the ODRB at contact than is
the micelle data are not precisely known, the qualitative results DMA. In some sense then, the direct comparison ofithelues
are robust. If the substrate percent bound (Table 2) is changedS not quite correct. If the DMNAJ, is extrapolated to the shorter
by £20% or if the diffusion constant is changed #20%, it contact distance of DMA using = 1 A, its J, increases to 100
is still only possible to fit the DMA/CTAB data using(r) with cm-L. Furthermore, if the spherical size estimates of the two
o~ 5 A. It has been shown thgfr) can have a strong influence ~ Molecules, which are based on molecular models, are off, the
on electron-transfer dynamics in liqui#i3 Therefore, solvent ~ Values ofJ will change.
structure would be expected to play a role in electron transfer A more important effect may be the difference not only in
in micelles as well. Part of the reason is tlgat) exerts most the sizes of DMA and DMNA but also in their shapes. Both
of its influence within a few angstroms of contact, exactly the are electron donors. In contrast to the spherical model used in
same distance scale on which electron-transfer occurs. the calculations, the electronic interaction responsible for the
A|though the structure in the headgroup region of micelles electron transfer is not evenly distributed thrOUghOUt the
is not expected to be modeled precisely with a three-dimensionalmolecules. It is likely that the portion of the molecules in the
hard sphere liquid description, the model is a useful approxima- Vicinity of the amine moiety dominates the electron-transfer
tion because it does have the required oscillatory distanceinteractiont!>16in the calculations, because of the spherical
dependence with a period of one solvent diameter. Use of themodel, there is no angle average. In these nonspherical
three-dimensional hydrodynamic effect for the headgroup region molecules with off-center electron-donation portions, the angle-
of a micelle is also approximate, but it does provide the expected averaged doneracceptor electronic coupling could be very
decrease in diffusion at short distance. Slip boundary conditions different. If the electron transfer in both molecules were
are used for diffusion in the headgroup region of a micelle dominated by the part of the molecules close to the amine, then
because a large number of the surrounding solvent “molecules”an orientational average will place the amine portion of DMNA
are surfactant headgroups that are bound to the micelle and willon average significantly farther away from the ODRB than the
not readily move with the diffusing substrate molecules. One amine portion of DMA. This occurs because the DMNA is more
of the primary effects of including solvent structure is to increase elongated than DMA. Both have the same closest approach
the amount of short-time electron transfer by increasing the distance, but DMNA has many orientational configurations that
donor concentration near contact. When the DMA/ODRB/CTAB place the amine substantially further away. The increased
data are fit withoutg(r), it is possible to fit the time decays, orientationally averaged contact distance of the amine portion
but the fluorescence yield calculations predict far too little of DMNA could result in a significant reduction id,.
electron transfer. Wheg(r) is included, both time and yield The model used to describe the electron transfer in micelles
data fit quite well. The fact that a hard sphere solvent diameter contains a variety of features that were found to be necessary
of ~5 A is required to model the donemcceptor distance  to describe the data. It is worth mentioning some aspects of the
distribution suggests that the surfactant headgroups, rather tharproblem that were not included. The polyelectrolyte nature of
water molecules, play the major role in determining the solute micelle surface (charged headgroups and counterions) has not
g(r). Water molecules have a radius much smaller than 5 A, peen included in the model. However, in other systems, it has
whereas the surfactant trimethylammonium headgroups have &een shown that electrolyte contributions to electrostatic
radius close to 5 A. potentials are minor compared to overall polar solvent effécts.
In a previous study of DMA/ODRB in DTAB, TTAB, and  Another factor is the orientational dependence of the electron
CTAB, it was assumed that all of the DMA placed in the transfer rate. The relatively fast orientational relaxation of
experimental samples was bound to the micéligg) and D(r) acceptor molecules (see Table 3) will remove the orientational
were not included in those calculations. The results presenteddependence of the transfer rate on longer time scales. However,
here show that a significant portion of DMA is not bound and even at shorter times, a theoretical study has shown that when
that g(r) is important. Therefore, the analysis present here an orientational average is combined with a distance average,
provides an improved description of electron transfer in these the time dependence of the transfer is almost indistinguishable
micelle systems. from that involving the distance dependence albrdt was
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noted above that the anisotropic shape of the molecules,transfer problem becomes even more intricate for systems with
particularly DMNA, could result in the effective contact distance complex geometries as evidenced by the recent activity describ-
being greater than the center-to-center distance, thereby, reducing electron transfer in DNA"26 As systems (e.g., DNA)

ing the magnitude of the contact electronic interactinThe become more complex, there is a natural tendency to simplify
three region (water, headgroup, core) description of the micelle the description, leaving out aspects that are known to be
in terms of three dielectric constants is necessary to accountimportant in other contex#.

for inhomogeneous nature of the micelle structure experienced The work presented here on micelles is an attempt to describe
by the donors and acceptors. Assigning dielectric constants toelectron-transfer dynamics in a finite volume, restricted topology
the water and the core is reasonable. However, the headgroupsystem, in a manner that accounts for the major aspects of the
region is itself inhomogeneous in structure. The dielectric problem. The theory is not a perfect description of electron
constant associated with the headgroup region is probably bestransfer in micelles, but it does include all of the factors that

viewed as an effective dielectric constant. are known to be necessary to describe electron transfer in liquids
plus additional components that are necessary to capture the
V. Concluding Remarks essential nature of the micelle problem. The experiments and

. ) theory point the way to a deeper understanding of electron
Electron transfer has been studied for two different donor/ transfer in complex systems.

acceptor pairs located in the headgroup regions of three different
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Important additions to the theory previously used to describe

electron transfer in micelles are the inclusion of the radial Appendix A. Analytical Solution of Integrals

distribution function of the acceptors about the donor and the
hydrodynamic effect. It was found to be impossible to fit the
data in the DMA/ODRB/CTAB systems without includigg).
Wheng(r) is included, excellent fits to both time and yield data
were obtained. Fits yield information about the dielectric
properties of a CTAB micelle and structural characteristics of
solutes in the headgroup region. Using this information, good
fits are obtained for the DMNA/ODRB/CTAB data with the
donor-acceptor electronic coupling as a single adjustable
parameter. Using the fit value of the electronic coupling, data
in DMNA/ODRB/TTAB and DMNA/ODRB/DTAB systems 1B), the contribution of the larger sphere over the volume of

can also be fit, and the results provide additional information the smaller sphere must be subtracted from the total. as in the
about the headgroup regions of the micelles. The consistency phere ! . ’
core and shell regions of the micelle. Calculations can also be

of the results and the quality of the fits support the model. It is - . .
. . erformed analytically for the case in which the donor and
remarkable that in such complex systems, with heterogeneou . e :
acceptor spheres are both contained within third sphere, as in

dielectric environments, solute diffusion, structured local en- the micelle case

vironments, and distance-dependent transfer, it is possible to ) . . .

. . In all of these cases, the following analytical solutions to the
fit the shape and magnitude of data for several donor concentra-,
; . A ; integrals can be usetf?

tions in systems with different acceptor molecules in three

different types of micelles. Fits to the data can only be obtained 1 )

when a realistic model includes the effects of local solvent /..., (Eo® aEx)*dV

structure and a three-region micelle system with dielectric 2 , & ) da

properties of the micelle headgroup region being between those= ELwDED dV+EfmquEA dViz—nLWWA EpEadV —
of hydrocarbon and water.

The integrations necessary to calculate the solvent reorganiza-
tion energy and free energy of transfer can be performed
analytically when all space is comprised of a solvent and
spherical regions with different dielectric properties whose
surfaces do not intersect with each other or with the donor and
acceptor sphere surface¥.68 In addition, the donor and
acceptor must be contained within the same dielectric region.
In other cases, the integrals must be evaluated numerically. If
one of the spherical regions is completely contained within
another (as in the core and shell regions of the micelle, Figure

2 2
Beyond the detailed analysis of the particular systems studied & f Ep2dV — a4 f E 2dV
4 va 4 J o
here, the results and the theory used to analyze them demonstrate ,
the importance of treating complex systems for what they are, =9 & | 2da_ d*f(r,a,) — a*(r,ap) (A1)
complex. Marcu®4041.6365 and others showed that the distance % @ T

dependence of electron transfer could not be described as a
simple exponential representing the falloff of the electronic
interaction. It is also necessary to include the distance depen- 1
dence of the reorganization energy and the free energy chang o
For donors and acceptors diffusing in a liquid, it is not sufficient 2 da
to consider electron transfer and geminate recombination as onl a4 2 ud —

occurring at contact, nor is it sugfficient to describe the liquid g 4~77f”q Ea dViZﬂf”qEDEA v de(RDq’aq) *

as a homoge_nepus_contlnuum. Proper ensemble averages over azf(RAq,aq) + daL(p(aq),yq) (A2)
the spatial distribution of donors and acceptors are required,

50,51,55,118120 and the inclusions of the radial distribution function whered anda are constants;q anday denote the volume and
and the hydrodynamic effect are necesga¥§>1The electron- radius, respectively, of a spherical dielectric regigor a donor/

2
26 . d 2
/. (dEp & aE )’ dv =+~ / Ep’dv+
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the micelle system can lead to very different calculated distance-
dependent rate constants compared to a continuum approach
and can have a significant impact on the results of data analysis.
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