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Photoinduced electron transfer betweéégh-dimethylaniline (DMA) and octadecylrhodamine B (ODRB) is
studied on the surfaces of three alkyltrimethylammonium bromide micelles: dodecyl- (DTAB), tetradecyl-
(TTAB), and hexadecyltrimethylammonium bromide (CTAB). The DMA and ODRB molecules are localized

at the micelle surface. Time-resolved fluorescence and fluorescence yield data are presented and analyzed
with the theoretical methods of ref 1. Lateral diffusion of the molecules over the micelle surfaces is included.
Although the three micelles are structurally similar, pronounced differences in the electron-transfer kinetics
are observed, with the overall amount of electron transfer increasing with alkyl chain length for the same
DMA surface packing fraction. This result is attributed to differences in the solvent reorganization energy,
possibly due to varying extents of water penetration into the headgroup regions of the three micelles. As the
surfactant chain length increases, the solvent reorganization energy is reduced, resulting in faster electron
transfer.

I. Introduction

There is currently a great deal of interest in electron-transfer
dynamics in micelle systenis? The goals of research on such
systems are 2-fold. The first is to obtain a fundamental
understanding of how system geometry impacts the reaction
dynamics, and the second is to develop techniques for designing
efficient charge-separating systems. In pursuing the latter goal,
advantage can be taken of phase separation between the micelle
and water to promote ion survivat?®-13 The results of previous
studies provide an impetus for detailed theoretical and physical B
understanding of the electron-transfer dynamics.
Developing an understanding of electron transfer in restricted
geometries such as micelles is a complex problem. For reactions
at micelle surfaces involving multiple donors or acceptors, any
one of which can participate in the transfer process, a theory is
needed to account for all possible electron-transfer pathways,
with the diffusion of the molecules included and the spatial
averages properly performed. The form of the distance-
dependent.electron.-transfer rate Cogfﬁcient must also be krlov\m'Figure 1. (A) Schematic illustrating the model system. The micelle is
It is only with the a[d of an appropriate theoretical model that modeled as a sphere of radiBswith the acceptor/donors assumed to
the effects of diffusion can _be separated from tho?’e due to thepe cyrved disks on the surface. The relevant electron-transfer distance
form of the transfer rate itself, so that the various factors is taken to be, the through-sphere (chord) distance. In the illustration,
contributing to the observed dynamics can be dissected andthe unfilled disk denotes the ODRB (no more than one per micelle),
analyzed. The transfer process involves unanswered questionswhile the filled disks are the DMA. (B) A more realistic illustration of
such as the role of the solvent in an inhomogeneous system.a” alkyltrimethylammonium bromide micelle with one ODRB (white
The nature of the micelle may be important in determining P2/l with tail) and several DMAs (black balls).
electron-transfer dynamics, and micelle structure and dynamicspeen measured BYC NMR and were found to range between
are active fields of research. Issues such as the depth of wateb gnd 20 Rins714-16 Theoretical calculations demonstrated
penetration into the micelle, the local viscosity, and diffusion hat diffusion constants in this range lead to significant
properties will come into play in the description of electron enhancement of the amount of electron transfer compared to
transfer. donors and acceptors that are in random fixed positions on the
Recently, a statistical mechanical theory of photoinduced micelle surfacé. These results were confirmed by Monte Carlo
electron transfer and geminate recombination among donors ancsimulationst
acceptors on the surface of a spherical micelle was devefoped.  Although modeling electron transfer at micelle surfaces as
The donors and acceptors were assumed to be adsorbed closgyat of transfer on a spherical surface is clearly a first
to the surface so that they could be modeled as particles on theapproximation to the complicated spatial structure and dynamics
surface of a sphere, with their primary motion being lateral of real micelles, this approximation may, nevertheless, be quite
diffusion over the micelle surface. (See Figure 1A.) Lateral reasonable for a variety of micelles. In particular, long-chain
diffusion rates in micelles and liquid crystalline phases have (Cy,—Cy¢) alkyl surfactants with small ionic headgroups and
low aggregation numbers, such as the alkyltrimethylammonium
€ Abstract published ilAdvance ACS Abstract€ctober 15, 1997. halides, form nearly spherical structures at low concentrations.
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Furthermore, current models of micelles divide the micelle into for the Green’s functiorGe«(0,t|6o) along with the associated
a dense, liquidlike hydrocarbon interior with little water initial and (reflecting) boundary conditions.

penetration and a shell approximatd A thick consisting of 5

the polar headgroups, a small amount of hydrocarbon, counter- 2, = 2 —

ions, and significant amounts of water. Outside of this is bulk SIGEX(G'”GO) DV7Gex(6:1160) ~ k(6) Gex(6,1165)
water. (See Figure 1B.) NMR studies have distinguished

between micelle-bound hydrophobic molecules such as iso- G.(0.010.) = o(6 — 0 @)
propylbenzene, cyclohexane, and pyrene, which tend to be eI 5 R sin6,

located inside the hydrophobic core, and other molecules such

as benzene, nitrobenzene, adN-dimethylaniline, which are 9

preferentially located at the micelle/water interfa8é® For 2R sin OCDﬁGex(H,tIGO)Ig:HC =0

molecules of this second type, electron transfer on a spherical

surface is a reasonable first approximation. Gex(0,t|60) is the probability per unit surface area of finding
In this paper we present time-resolved fluorescence andthe ODRB excited at timéwith the DMA a distance away,
fluorescence yield data for forward electron transfer between given that the DMA was located &b at time 0. (Note that the
N,N-dimethylaniline (DMA) and octadecylrhodamine B (ODRB)  relevant coordinate for the micelle problem @és since this
on the surfaces of three alkyltrimethylammonium bromide completely defines the doneacceptor separation distance. See
micelles. As discussed below, both molecules reside near therigure 1A.) 6. is the donoracceptor contact distance in
hydrocarbon/water interface, and thus the electron-transfer angular units. The diffusion operator is
dynamics can be modeled by transfer on a spherical surface.
The theoretical methods of ref 1 can be used to describe and DV.2= D i[sin 01
analyze the dynamics. Because the three surfactants differ only ’  Rsing 99 00
in their hydrocarbon chain length, the properties of the micelles
are similar, with the DMA and ODRB localized in similar whereR is the micelle radius. Because the donacceptor
environments on all micelles. Any differences in electron separation distance is completely definedéhyhe diffusion is
transfer dynamics should then arise primarily from differences one-dimensional, and only the polar-angle component of the
in the micelle sizes, thus providing a good test of the theory. Laplacian is required. The distance dependence of the rate
By focusing on a well-defined system, we can subject the data coefficient,ki(#), can be of any form, including the well-known
to a careful theoretical examination that will enable the role of Marcus expressiot-22 The transfer rate is taken to depend on
diffusion to be understood and the nature of the distance- the through-sphere (chord length) distancéHowever, the rate

)

dependent transfer rate to be examined. coefficient is expressed in terms of the angular deraarceptor
separation distance, for consistency with eq 1. The two
Il. Model and Theory quantities are related by= 2R sin@/2). (For the relatively

. short distances involved in electron transfer, the difference
The model electron-transfer/micelle system has been de-p .\ con the cord length and the arc length is small.)

scribed previously:*® The micelle is taken to be a sphere of \yjan allN acceptors are present, the excited-state survival
rad!usR. 'I_'he dc_)nor and acceptor molecules are const_ralned probability density for a given initial and final configuration,
to lie at this radius but can diffuse laterally over the micelle (0100t 0o1...00n), iS given by

surface. There is at most one molecule that can be photoexcitedDe L N AITOL TN,

(electron donor or hole donor) per micelle but no limit to the N

number of electron acceptors or hole acceptors. Thus, the theory P01 Opt1001---Oon) = [ 1Ge(0:tlo)

describes the situation for one photoexcited donor &hd =

acceptors or, as is the case here, one photoexcited electron

acceptor (hole donor) (ODRB) arl electron donors (hole  Pex(61...0n.t1601...60n) is the probability per unit surface area
acceptors) (DMA) per micelle. The micelle concentration is that the donor is still excited at tinteand the acceptors are at
kept low, and the ODRB concentration is even lower so that 01.--On, given that theN acceptors were dlpa...00n at timet =
Forster energy transfer can be neglected and so that electror@- The ensemble-averaged quant®,(t)[4 gives the experi-
transfer from a donor on one micelle to an acceptor on another mentally observed probability of finding the donor excited at
does not occur. Consistent with experimental results, diffusion time t.

of the micelles themselves is insignificant on the time scale of

the electron-transfer dynamics. Lateral diffusion of the donor [P, (t)[] = j;l"'J;Nfem"'J;ONPex(Gl"'HN'”@OI'"HON)Z”RZ X

and acceptor molecules over the micelle surface is included and

expected to be significant’1+o in ... 20 sin 6y do,...doy e 0oy
Since each micelle will have a different configuration of ' N N2 2 ot N

acceptor/donors distributed over the surface, calculation of the 3)

observed electron-transfer dynamics requires performing the

ensemble average with the lateral diffusion of the molecules = [fgngGex(e:tWo)”Rz sin@ sin6,do dGO]N

appropriately included. Details of the theory were given in ref
1. In particular, we wish to calculate the physical observable e now define the joint probability density:
[Pex(t) I the probability that the ODRB is still excited at tirhe
Photoexcitation with a short laser pulse occurs at tire0, sin6,
initiating the transfer dynamics. The brackei#, denote an S0 = j;OGex(G:t|00)Td90
ensemble-averaged probability.

The starting point of the derivation is writing the differential  S(6.t) is the probability per unit area that the donor is excited
equations for the special case of one donor and one acceptorat timet and the acceptor is &tfor the one-donor/one-acceptor
For the forward transfer, we can write a differential equation problem. From eq 3, we see
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Pe (D0 = [ f, S:x(0:0)27R sin 0 do]" (4)

Using the definition ofS(6,t), one can show tha&(6,t)
satisfies the differential equation

25,000 = DV,25,(09 — k(0) S,(09

1
S.(0.0)= = (5)
2R sin OCD%SEX(O,t)h,:(,C =0

Note that in a restricted geometry problem of this type, the
number of acceptorhl is finite, and the thermodynamic limit
cannot be taken. Equations 5 f&(6,t) cannot be solved
analytically, and numerical evaluation must be followed by
numerical integration as indicated by eq 4, to gifPey(t) .

Equation 4 givesdPe (1)l for 1 ODRB andN DMA per
micelle surface. (Micelles without any ODRB will not con-
tribute to the experimentally observed signal.) In an experiment,
the number of DMA per micelle is assumed to follow a Poisson
distribution about the meaN. Thus, the actual experimental
observable is

—Npn

00

P, ()= e‘”fZj
£

PO (6)

n!

In eq 6 the term € has been included to account for the ODRB
fluorescence decayr is the excited-state lifetime in the absence
of electron transfer.

Donor—acceptor excluded volume is included by a short-
distance cutoff in the spatial integrals so that the donor and
acceptor cannot approach closer than their contact disté@gce,
There is another type of excluded volume due to the inability
of the N DMA molecules to overlap. Spatial configurations
that would result in overlap of the DMA molecules need to be

excluded from the ensemble average. In the theory presenteﬁ

here, this second type of excluded volume is neglected.
However, for fractional occupancies of5%, this type of
excluded volume has been shown to be insignifitaand
should be negligible for all experimental DMA concentrations
used here. Doneracceptor excluded volume, on the other
hand, is significant at all concentrations since it excludes the

short distances that have the greatest impact on the electron

transfer dynamics.

Time-resolved fluorescence measurements that monitor the

Weidemaier et al.

TABLE 1: Table of Critical Micelle Concentrations (cmc),
Aggregation Numbers (Nag9), and Micelle Radii (R). The
radii Were Taken as That of the Hydrocarbon Core and
Calculated from the Tanford Equation?®

cme (mM)t Nage R(A)
DTAB 15 50 16.7
TTAB 3.5 67 19.2
CTAB 0.8 92 21.7

B (ODRB) on the surfaces of three micelles: dodecyltrimethyl-
ammonium bromide (DTAB), tetradecyltrimethylammonium
bromide (TTAB), and hexadecyltrimethylammonium bromide
(CTAB). ODRB was purchased from Molecular Probes and
used without further purification. DMA, TTAB, and DTAB
were the highest commercial grade available from Aldrich, while
CTAB was from Fluka (99-%). For all three micelles we chose

a surfactant concentration, [S], to give a micelle concentration,
[M], of 206 uM. The micelle concentration is related to that
of the surfactant by

[S] — cmc

Nagg

M] =

where cmc denotes the critical micelle concentration lHgg

the aggregation number. Values of these parameters for each
micelle are given in Table 1. The ODRB concentration was
20uM, a factor of 10 less than that of the micelles. Four DMA
concentrations, all less than 6 mM, were examined for each
micelle system. Concentrations less than 6 mM give rise to
significant amounts of electron transfer due to the spatial
clustering that occurs when acceptor/donors are confined to a
micelle.

Because of the small headgroup size and low aggregation
number, all three micelles should be spherical and nearly
monodisperse at the experimental concentratiéfs At higher
surfactant concentrations, CTAB becomes rodlike; however,
cryotransmission electron microscépyPand small-angle X-ray
cattering® indicate that CTAB is spherical at low concentra-
ons such as those used here.

Since DMA resides preferentially at the edge of the micelle
hydrocarbon core (see below), the micelle radii were taken to
be those of the core. The radii of the hydrocarbon cores of the
three micelles were calculated by the methods of Tarfof{8ee
Table 1.) The molecular radii of DMA and the ODRB
headgroup were obtained from molecular modeling and from

crystallographic data on similar compounds. The resulting
values are 3.05 and 4.45 A, respectively. The ODRB excited-
state lifetime in the absence of electron transfer was measured

ODRB excited-state population can be directly compared to eq to be 1.8 ns on all three micelles

6. Additional information about the transfer dynamics is

obtained from fluorescence yield experiments. The fluorescence.

yield, ¢, is the ratio of the total steady-state fluorescence for a
sample containing DMA to that of a sample consisting only of
ODRB.

Ji P (Dat

T

@)

Localization of the acceptor/donors at the core/water interface
is justified as follows. For ODRB, studies of fluorescence
anisotropy decays indicate that this molecule has negligible
affinity for the aqueous phase but exists bound to the micelle
with its headgroup at the micelle surfa&eThis is consistent
with what would be expected for a molecule with a longgdjC
hydrocarbon tail and positively charged headgroup.
Determining the DMA position is substantially more difficult.
We based our choice of this molecule on the NMR data of

Fits to time-resolved data ysing eq 6 must yigld parameters SuChg iy sson and Gillberdg® Chemical shift measurements of CTAB
that the calculated short-time dynamics, which are obscured byprotons show a large shift of N-CH and:CH protons upon

the instrument time resolution, results in eq 7 giving good
agreement with the experimental yield data.
lll. Experimental System

We have studied forward electron transfer betw®&N-
dimethylaniline (DMA) and photoexcited octadecylrhodamine

addition of even small amounts of DMA. Such a shift is
consistent with localization of an aromatic ring near these
protons. Further addition of DMA leads to a continued shift
of the outermostq-C and N-C) protons until a DMA concen-
tration of 0.7 times the CTAB concentration, when the deeper
hydrocarbon protons near the micelle interior begin to show
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substantial shift. This is interpreted as due to penetration of in one solution so thaAE could be obtained directly. Tetra-
DMA into the micelle occurring at very high DMA concentra- hexylammonium perchlorate (Fluka, 0.1 M) was used as
tions after saturation of the surface regidn. received as the supporting electrolyte. Redox potentials were
To further confirm the localization of the DMA at the measured as halfway up the rising edge of the experimentally
hydrocarbon/aqueous interface, we have carefully studied theobtained steady-state voltammogramisE was found to be 1.6
fluorescence spectrum of DMA in the three micelles and in a eV.
variety of solvents. The DMA fluorescence shows a pronounced  Fluorescence upconversion experiments were performed to
red shift as the solvent becomes more polar. The spectra ofmeasure the time-dependent ODRB fluorescence intensity. This
DMA in the three micelles is 20 nm to the red of the DMA s a direct experimental measurementRd(t)For comparison
spectrum in cyclohexane. If some of the DMA were bound with the theory. The upconversion experiments were performed
deep in the micelle core, we would expect to see a red shoulderysing a frequency-doubled, mode-locked, Q-switched Nd:YLF
on the DMA fluorescence peak in the micelle solutions. The laser pumping two dye lasers operating at 750 Hz. One dye
absence of this shoulder indicates that the DMA spends the vastiaser was used for excitation of ODRB at the red-edge of its
majority of its time near an aqueouslike environment such as absorption spectrum (568 nm). The fluorescence was gathered
would be found at the micelle surface, consistent with the NMR and focused into an RDP crystal. The other dye laser provided
results. If DMA were moving in the micelle interior in sucha an 850 nm upconverting pulse which was focused into the RDP
way as to be frequently sampling an aqueouslike environment, crystal collinear with the fluorescence and polarized at the magic
the time scale of this sampling would have to be fast enough angle with respect to the excitation beam. When both wave-
that the peaks at the hydrocarbon wavelength and waterlike |lengths were present, sum-frequency light was generated which
wavelength would merge into a peak at the average frequency.was proportional to the magnitude of the fluorescence during
For the observed 20 nm peak difference, the sampling time that time. The time dependence of the ODRB fluorescence was
would have to be on the order of femtoseconds, which seemsdetermined by scanning the arrival time of the excitation pulse
unreasonable. Thus, from the fluorescence spectra and the NMRat the sample relative to the fixed time of the upconverting pulse.
results we conclude that DMA is located in the headgroup The time-resolved sum-frequency light was detected by a dry
region, not in the hydrocarbon core. ice cooled PMT connected to a gated integrator. The overall
It is more difficult to rule out a small amount of DMA being response of the system was 45 ps. The fluorescence yield
in the aqueous phase, since the frequency difference betweenmeasurements were performed by exciting with the same laser.
the DMA fluorescence peak in the micelles versus the peak in In this case, the fluorescence passed through a polarizer set at
water is significantly smaller than that between the micelle and the magic angle with respect to the excitation beam and was
cyclohexane. However, the NMR results of Eriksson and detected directly by a red-sensitive PMT. The measured signal
Gillberg indicate that the DMA is preferentially solubilized at  for each sample with DMA was ratioed to one with only ODRB,
the edge of the hydrocarbon cdfe.Furthermore, if large  and the ratio was corrected for differences in the ODRB optical
quantities of DMA were freely dissolved in the water, then at density at the excitation wavelength.
the DMA concentrations used in this experimer6(mM) no
electron transfer would be observed. Only the clustering of |y Results
DMA near the acceptor caused by adsorption onto the micelle
can explain the fast electron-transfer dynamics observed here. Figures 2-4 show fluorescence upconversion and fluores-
This issue will be taken up again in section V. cence yield data for DTAB, TTAB, and CTAB, respectively,
From the DMA fluorescence spectra, an estimate of the local along with theoretical fits using eq 6. The fits are dashed lines.
dielectric constant at the micelle surface (by “surface” we mean In many of the panels, the fits and the data are so nearly identical
the headgroup region) can be made. By comparing the DMA that they are indistinguishable. The center panels show the
fluorescence spectra in a variety of solvents with that in the fluorescence yield numbers, with the circles being the data and
three micelles, we places in the range of 37 (acetonitrile) to  crosses the theoretical fits using eq 7. Before discussing the
78 (water) for all three micelles. Finally, from fluorescence fits quantitatively, which requires a specification of the distance-
spectra of ODRB/DMA experimental samples we conclude that dependent rate coefficient, the results will be addressed quali-
no exciplex formation occurs and that quenching of the ODRB tatively.
fluorescence is via intermolecular (through-solvent) electron  The three surfactants studied here differ only in the length
transfer. of their alkyl chains (G, for DTAB, Cy4 for TTAB, and Gg
The free energy of electron transfer, which is necessary in for CTAB). We thus anticipate that differences in micelle radii
the specific form of the rate coefficient used later, was calculated will be the chief cause of differences in the transfer dynamics
from?8 among the three micelles. In particular, given the similarity of
the micelle structures, for the same donacceptor pair the
AG=AE—hv distance-dependent rate coefficiek{#), would be expected
to be very similar for the three micelles. (Additionally, the
whereh is Planck’s constant and is the frequency at which  |ateral diffusion coefficients would also be expected to be similar
the normalized absorption and fluorescence spectra overlap (57%or the three micelles.) For a given (mean) number of DMA,
nm)2° AE is the difference between the donor reduction denotedN, as the micelle radius increases, the likelihood of
potential and the acceptor oxidation potentidlE was deter-  finding a donor near the ODRB decreases. Thus, for a fixed
mined by cyclic voltammetry for rhodamine B (1 mM) and number of DMA, the amount of electron transfer should
DMA (40 mM) in acetonitrile. Acetonitrile was chosen because decrease as the micelle radius increases due a smaller fractional
its dielectric constant approximates that of the micelle headgroup occupancy of the micelle surface. We define a “surface”
region. Experiments were performed using a Bioanalytical packing fraction:
Systems 1@m diameter Pt ultramicroelectrode and an Ensman
400 dual-electrode potentiostat in two-electrode mode. The
reference electrode was a silver wire. Redox potentials were n=
measured for donors and acceptors simultaneously, dissolved 4R
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Figure 2. Fluorescence upconversion data (solid lines) and theoretical Figure 3. Fluorescence upconversion data (solid lines) and theoretical
fits using eq 6 (dashed lines) for ODRB and four concentrations of fits using eq 6 (dashed lines) for ODRB and four concentrations of
DMA on DTAB. The center panel shows fluorescence yield data DMA on TTAB. The fits are essentially indistinguishable from the data.
(circles) and the fits (crosses) from eq 7. The calculated yield numbers The center panel shows fluorescence yield data (circles) and the fits
are within the error bars on the datd.denotes the mean number of  (crosses) from eq 7. The theoretical fits shown are for paraméters
DMA per micelle. The theoretical fits shown are for parametkrs 62 cntl, B = 1.0 A%, D = 5.4 AIns, Aconact= 1.02 €V.
56 cntl, B = 1.0 A1, D = 6.0 A¥ns, Aconace = 1.19 eV (see
Discussion). Consistent fits to the data in all three micelles can be packing fraction. However, while the trend is approximately
?hb;iwé% C:T:‘i'ge'lflége reorganization energy is assumed to vary among the same in the three micelles, the rates of electron transfer
' clearly differ, as is shown by the displaced slopes in Figure 6.
To collapse the data points for all three micelles onto a single

wherer, is the DMA radius,R the micelle radius, anill the . . . .
. ! line, the error in the packing fraction would have to be on the
mean number of DMA per micelle. To the extent that the DMA order of 30%. An error of this magnitude would require the

af!dh?ERB (atnylrotnrgtiﬂts; z:\;e thle stametln thf thlzee t'.“'ce”esi d'tassumption that the radii of DTAB, TTAB, and CTAB are
might be anticipated that the electron-ransier KINetcs wou essentially identical. Such an assumption is not only counter-

be very similar for the same on the three dlffereht mlcelles. intuitive but contradicts detailed neutron and light scattering
In Figure 5, we plot the electron-transfer contribution to the gi,dies on these three micef@d! as well as widely accepted

excited-state decay for each micelle for the same DMA packing theoretical models such as that of TanfétdThe increase in

fraction, 7 = 8%. The curves are obtained by removing the the electron-transfer kinetics with increasing surfactant chain

fluorescence lifetime contribution, which is the same for each length must be due to factors other than the DMA packing
micelle. As can be seen, the decays are different for the threegaction.

micelles, with the transfer fastest on CTAB, intermediate on
TTAB, and slowest on DTAB. The packing fraction is not the
sole determinate of the rate for electron transfer between the
same donor/acceptor pair on similar micelles of different sizes. To understand the factors contributing to the observed
The influence of the size of the micelle on the dynamics of electron-transfer dynamics, we turn to the theory outlined above
electron transfer is clear from the curves in Figure 5 and does and developed in ref 1. The observalil,,(t)[] decays due to

not depend on a particular theoretical treatment. Furthermore,forward electron transfer at a rate determined by the number of
the differences in the curves shown in Figure 5 cannot be acceptors, the lateral diffusion coefficient, and the distance-
explained by error in the calculation gfdue, for example, to  dependent rate coefficient. In section Il, we avoided specifying
uncertainties in the micelle radii. This is best illustrated in a distance-dependent rate coefficient to preserve the generality
Figure 6, which plots the fluorescence yield numbers (upper of the theory. The ensemble-averaging procedure will work
panel) and the 1/e points of the decay curves for the three with any form ofki(6). The significance of the theory is that
micelles as a function of packing fraction. The lines in the it properly performs the ensemble averages, with the lateral
figure serve as aids to the eye. For each micelle, there is adiffusion of the acceptor/donors appropriately included. The
trend in which the electron-transfer rate increases with the DMA influence of the form ok;(6) on the data can be separated from

V. Discussion
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£ Figure 5. Excited-state survival probabilityPe,(t)Cwith the contribu-
T tion from the fluorescence lifetime removed for samples with same
e DMA packing fraction (8%) on all three micelles. The slowest decay
® I R N is DTAB, the intermediate TTAB, and the fastest CTAB. The rate of
0 1 2 3 4 0 1 2 3 4 electron transfer is not identical for these three samples, although the
time (ns) time (ns) physical properties and the DMA packing fraction are essentially

Figure 4. Fluorescence upconversion data (solid lines) and theoretical identical.
fits using eq 6 (dashed lines) for ODRB and four concentrations of
DMA on CTAB. The fits are essentially indistinguishable from the the data, we used a classical form of the Marcus rate coefficient,

data. The center panel shows fluorescence yield data (circles) and theexpected to be good for electron-transfer reactions such as this
fits (crosses) from eq 7. The theoretical fits shown are for parameters e occurring in the normal regime.
J=65cm? B =10A"1 D =06.2A%ns, dconacr= 0.93 €V. '

the effects of diffusion. Application of the theoretical methods k(0) = %JZ exp[—2RA(sin(©/2) —
presented here indicates that the difference in dynamics is due 5
to real differences i(6) among the three micelles and not to . . 1 —(AG;+4)
differences in the DMA distribution or variations in the lateral sin@J/2))] Tl TCX 47k T
diffusion coefficient. As demonstrated by the following analy- ks
sis, the key is differences in the reorganization energies in the
three micelles.

We choose a specific distance-dependent rate coefficient,
ki(0). Most theories of electron transfer use a rate coeffigléat

(10)

In eq 10,1 is the solvent reorganization energfy?2:2° Marcus
derived an analytical expression for the reorganization energy
for spherical reagents in an isotropic dielectric continiim:

2
_2n 2 _ef1 11,1 1
k(6) = F Ha(0)]"FCWD (®) A 2(6op \r. v, T Rsin@r2) (1)
We write the rate coefficient as a function of polar angle,  wheree,, andes are the optical and static dielectric constants,

rather than of the more familiar distancefor consistency with  ande is the fundamental charge. (The distance is specified in
egs 6. r = 2R sin(6/2). In eq 8, FCWD is the Franek terms off.) Equation 11 is not expected to apply precisely for
Condon weighted density of states and includes the free energythe complex geometry at a micelle surface where the donor/
dependence and solvent reorganizatibhi(0) is the distance-  acceptor sit at a hydrocarbon/water interface. For the moment
dependent electronic coupling: though, we takel to be given by eq 11, acknowledging its

deficiency for the current experimental situation, but preferring

[Hab(e)]2 =2 exp[—2RA(sin(@/2) — sin(@J2))] (9) to keep a simple form of the distance-dependent reorganization

energy in order to first make some key points about the
whereJ denotes the electronic coupling at the donacceptor experimental data. The important aspect to note is that we are
contact distance., andg determines the distance dependence. initially choosing4 to be the same for all three micelles, since
The magnitude of the electronic coupling at the DMA/ODRB ¢y, andes might be expected to be essentially identical for three
contact distance is not expected to vary significantly in the three such highly similar micelles. ef, andes were taken to be those
micelles since this is mainly a property of the molecules of water, 1.8 and 78, respectively. Variationscyfrom 37 to
themselves.S is expected to have a magnitude of approximately 78, while consistent with the DMA fluorescence spectra, lead
1 A-132-36 gnd to be similar for the three micelles. In fitting  to negligible changes in.)
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Figure 6. Plots of fluorescence yield and 1/e point of decays vs DMA
packing fraction for all three micelles. Lines are guides to the eye.
The plot of 1/e points is not intended to imply that the decays are
exponential. Clearly, the amount of transfer occurring in the three
micelles is not dependent solely on DMA packing fraction.

Using eq 10 and eqs—36 to fit the data requires knowledge
of Jandp as well as the lateral diffusion constdant Although

Weidemaier et al.

be invariant. No matter what choice we make foror 1,
provided only that they are the same for all three micelles, the
J values needed to fit the data increase dramatically with
increasing surfactant chain length.

As Figures 5 and 6 show, independent of any theoretical
argument, the amount of electron transfer increases as the
micelle is changed from DTAB to TTAB to CTAB for a
constant DMA packing fraction. To yield fits to the data and
reproduce this trend, the theory givéssalues that increase
substantially with the surfactant chain length. Although the
diffusion coefficients also increase with micelle size, this effect
is not significant enough to account for the data without also
assuming large variations th SinceJ is the magnitude of the
ODRB/DMA electronic coupling at the contact distance, there
is no reason to expect that this parameter should change
significantly as the micelle is altered. Instead, other differences,
not yet allowed to vary with the size of the micelle, may be
responsible for the faster kinetics observed for larger micelles.

One possibility is that the DMA is not solubilized at the
micelle surface as assumed. Although the NMR results of
Eriksson and Gillber§ indicate that all the DMA should be
located near the surfactant headgroup, we must consider the
possibility that some fraction of DMA is dissolved elsewhere.
We have already discussed the fluorescence evidence against
DMA localization in the micelle core. There remains the
possibility that a small amount of DMA is freely dissolved in
the water. Calculations show that DMA concentrations such
as those used here<¢ mM) result in no observable electron
transfer within the ODRB lifetime if the DMA is distributed in
an isotropic liquid. However, let us assume that, while most
DMA is micelle-bound, some fraction remains free in the water.
Further, we could assume that the fraction of free DMA depends
on the particular micelle and is greatest for DTAB and smallest
for CTAB. The primary effect that the free DMA would have

a" thl’ee COU|d be treated as adeStab|e parameters, SUCh a f|tt|ngbn the e|ectron_transfer dynam|cs Would be through reducing

procedure is not particularly useful. Instead, we initially chose
B =1.0 A-L. This value is consistent with measurementg of

the mean number of DMA at the micelle surfadé, This
reduction would be greatest for DTAB, so that in generating

from intramolecular and intermolecular electron-transfer experi- jis o the electron-transfer data on DTAB, we would be using

ments which generally find centered in the range 6-8.432-36

values ofN that were too high. To compensate for an error of

We will discuss the dependence of the fits on the choice of the ;g type, too small values would result from fits to the DTAB

j value below.

In generating the fits to the data in Figures4£ we initially
treatedJ andD as adjustable parameters. For any givemd
D pair, eq 6 must predict the time decay profiles for all four
concentrations on a single micelle, while eq 7 must simulta-

neously give good agreement with the experimental fluorescence,

yield data. With two adjustable parameters used to fit four time-

dependent curves and four yield numbers, we obtain unique fits.

The quality of fits was ascertained byavalue assigned by a
fitting routine based on the downhill simplex methté? The
x? value for a givenJ and D pair consisted of contributions
from all four time decays (each weighted equally) and from
the fluorescence yield data (given the weight of one full time
decay.)

The first result to be noticed from Figures-2 is that the
quality of fits is excellent for all three micelles. The lowest
concentration DTAB curve shows an early time discrepancy,

but otherwise the agreement is extremely good; the fits are

data. However, while a hypothesis of this type might seem
reasonable, it cannot explain the trends in the data. If we attempt
to fit the transfer data on DTAB with the mean number of DMA
at the micelle surface reduced by up to 3@4ncreases some,
butJ does not increase much above 50énwhich is still much
smaller than thd values for TTAB and CTAB. IN s reduced

by more than about 30%, it becomes impossible to fit the data
on DTAB. Furthermore, spectroscopic evidence rules out a
large fraction of the DMA being free in the water. The
absorption spectrum of DMA in water is significantly different
from that in DTAB. The difference is large enough that any
significant amount of DMA in water would appear as a separate
peak or at least a large shoulder on the DMA in DTAB
spectrum. These is no sign of such a peak or shoulder in the
DMA in DTAB spectrum. Thus, variations in DMA packing
fraction on the micelle surfaces produced by DMA free in the
water cannot explain the observed increase in transfer rate with

almost indistinguishable from the data. The second result from increasing micelle radius.

the theoretical fits is that thé values required to fit the data
differ substantially among the micelles. From fixifigat 1.0
and fitting J and D, the best fits to the data ade= 50 cnt?,
D = 5 A2ins for DTAB,J = 100 cn%, D = 6 A2/ns for TTAB,
andJ = 190 cnrl, D = 7 A%Ins for CTAB. In the treatment

A second possibility is that, while DMA is localized near
the micelle surfaces, errors in calculating the micelle radii are
responsible for the discrepancy Jnvalues. The radii values
used (see Table 1) were calculated from the Tanford equations
for DMA located just outside the hydrocarbon core. It is

thus far, the other parameters in eq 10 have been assumed tpossible that these estimates are too small and that the DMA is
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located further from the center of the micelle, near the ODRB increased due to the first peak in the radial distribution
counterions for example. In such a case, the radii of all three function. However, the decrease Jnvalue occurred for all
micelles would be increased from 16.7, 19.2, and 21.7 A to three micelles, and even with different formsggf) and D(r)
20.0, 22.5, and 25.0 A for DTAB, TTAB, and CTAB, forthe micelles, DTAB consistently hadJasalue much smaller
respectively. These larger numbers are consistent with thethan the other two micelles. Thus, solvent structural effects
hydrodynamic radii measured by light scattering experim&hts. are insufficient to account for the observed rapid increase in
Larger radii would mean a smaller DMA surface packing the amount of electron transfer as the surfactant chain length
fraction and thus a reduced probability of finding a donor and increases.

acceptor near one another. Thealues would then need to be Neither error in the concentration of DMA at the micelle
correspondingly increased to account for the same amount ofsurface, nor uncertainty in the micelle radii, nor neglecy(©j
electron transfer. When we increase the radii of the three andD(r) can account for the fact that, for a given DMA packing
micelles to 20.0, 22.5, and 25.0 A, thealues from the fitsdo  fraction, electron transfer is fastest in CTAB, intermediate in
indeed increase. However, the spread iralues from DTAB TTAB, and slowest in DTAB. The qualitative conclusion is
to TTAB to CTAB is not narrowed. Using radii of 16.7, 19.2, that the electron-transfer rate coefficiekf(t), must actually

and 21.7 A gives values of 50, 100, and 190 crhfor DTAB, increase with surfactant chain length. Fitting the data with only
TTAB, and CTAB, respectively. Using the larger radii of 20.0, JandD treated as the adjustable parameters, it was impossible
22.5, and 25.0 A gived values of 62, 174, and 355 crh For to generate good fits to the data in all three micelles with the
the distance-dependent rate coefficidatd), to be the same  sameJ but differentD values. Since) (the magnitude of the

for all three micelles, we would have to assume that the micelle €lectronic coupling at contact) seems the one parameter most
radii for DTAB, TTAB, and CTAB areessentially identical likely to remain nearly constant as the micelle is changed, we
Such an assumption is inconsistent with neutron and light Now consider the other parameters determining the Marcus rate
scattering data and with theory. Even if there is some €quationf, AG, 1, eqp andes). Any of these might reasonably
uncertainty about where the DMA is solubilized, an error in be expected to vary somewhat from micelle to micelle.

the input location of the DMA into the calculations cannot If Jis assumed to be constant for electron transfer in the
account for the observed trend with micelle size. three micellesD is treated as a fitting parameter, afidis

Recently, work from this laboratory on intermolecular electron aLIowed to Xf‘lry frOI‘(;l frmcellﬁ tc:jm|cgllell\/vgh|n the V\Ill'de range
transfer in liquids has demonstrated the importance of including © 0.7-1.6 A™%, good fits to the data in all three micelles cannot

certain solvent structural effects in the the&° In particular, be obtained for any consistedvalue.
the solvent radial distribution functiomy(r), and distance- As discussed previously, the free energy of the reactids,

dependent diffusion coefficienD(r), affect both the spatial ~ WaS taken from cyclic voltammetry measurements in acetonitrile.
averaging and the diffusive motion. In principle, both these The change im\G at contact from one solvent to another can

effects should be present at a micelle surface. However, we Pe calculated using the Born equatfin:
know of no theoretical formalism for calculating the magnitude 5

and range ofy(r) or D(r) on spherical surfaces. Nonetheless, A(AG) = 9(1 _ 1)
given the demonstrated importance of solvent effects in isotropic re;, e

liguid systems?4%we need to consider at least approximate

expressions to determine if variations gfr) or D(r) among  \yheree is the fundamental chargejs the average molecular
the micelles might be responsible for the observed trend in radius (average of donor and acceptor), andnde, are the
transfer rates. To a first approximation, the formalisms used static dielectric constants of the original and final solvents,
in isotropic liquid systems may give at least qualitatively correct respectively. From this equation, the local static dielectric
results near the micelle surface. A real micelle does not possessonstant on the three micelles would have to vary from 27 to
an ideal two-dimensional surface; the micelleater boundary 78 in order to account for a 0.1 eV changeAs. Such wide

is not rigidly defined, and acceptor/donors may sink slightly variation in the static dielectric constant is not consistent with
into or rise slightly above the micelle surface. Thus, on a the DMA fluorescence spectra. Furthermore, eveA@ is
molecular scale, the region surrounding a given donor/acceptorassumed to vary by 0.1 eV, thevalues for the three micelles

is actually three-dimensional, with water penetrating into the still increase sharply with surfactant chain length.

micelle headgroup regioft. Given the level of approximation Thus far, we have assumed that the solvent reorganization
involved in applying three-dimensional formalisms to micelle energy 4, is the same for the three micelles and is given by eq
surfaces, we made no attempt to perform detailed calculations11. Equation 11 was derived for spherical reagents in an
accounting for the various components (water, headgroups,isotropic continuum. This expression will not be valid at the
counterions, etc.) present at the micelle surface. Instead, wesurface of a micelle. A rigorous calculation ffor a very
have used hard sphegf) calculations with a variety of packing  simple model of a micelle requires solving the Poisson equation
fractions and hard sphere diameters. (See ref 39 for details onfor the donor and acceptor located at the surface of a sphere
how to incorporate these effects into a theory of photoinduced composed of hydrocarbon and surrounded by w#téP. More
intermolecular electron transfer.) We have also used radial realistically, the donors and acceptors are located in a spherical
distribution functions reported from molecular dynamics simula- shell of ~4 A thickness. Inside #14 A shell are the micelle
tions of micelle system® For the hydrodynamic effect, we  headgroups, some hydrocarbon, and substantial amounts of
tested both stick and slip boundary conditithand adjusted water with the counterions nearby, creating a dielectric medium
the range of the effect to account for various possible solvent with properties somewhere between those found on either side
sizes. No matter what form @{r) or D(r) we used within a of the shell, i.e. water on one side, hydrocarbon on the other.
reasonable range, even if we allowed the forms to differ wildly (If the counterions are important, the Poissdoltzmann
from micelle to micelle, we were unable to fit the data with the equation must be solved.) The reorganization energy may vary
same] value for all three micelles. Inclusion gfr) andD(r) significantly as the size of the hydrocarbon core changes.
led to a value of] decreased by up to 50% for each micelle, Performing a detailed calculation of the reorganization energy
primarily because the local concentration of DMA about the for a realistic description of a micelle is not a trivial problem,
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assumed to increase as the micelle radius decreases (due to an
increase in the extent of hydration for example), excellent fits
to the data in all three micelles can be obtained. The best fits
to the data are for the parametérs: 56, 62, and 65 cm' and
Acontact= 1.19, 1.02, and 0.93 eV for DTAB, TTAB, and CTAB,
respectively, with a diffusion constant of6 1 A%ns ands =
1.0 A-for all three micelles. The differences in thebealues
are insignificant within experimental error, and in fact, the data
could all be fit with the sama@ with virtually no change in the
quality of the fits. These are the very high quality fits shown
in Figures 2-4, assumingd.(8) = Acontacf1/rq + L/ra — 1/R sin(0/
2)]. The variation int is not unreasonable, and thevalue in
DTAB is approaching that which would occur for DMA and
ODRB dissolved in pure water. Thevalues and trends are
consistent with the neutron scattering data of Berr, Jones, and
Johnson which indicate that the amount of water penetration is
greatest for DTAB, least for CTAB, and intermediate for TTAB.
The trend inl is also consistent with the absorption spectra.
The values given in the preceding paragraph should not be
regarded as exact, since at this poihtis not calculated
rigorously, andJ, 5, andD will vary somewhat with the precise
choice ofA. Additionally, g(r) and D(r) are not included in
) \ , , \ \ , , these fits, and they may have some affect on the calculated
215 225 235 245 255 265 275 285 295 305 dynamics. The important fact is that essentially perfect agree-
wavelength (nm) ment with the data is obtained with 3, andD the same for

) . . the three micelle systems. The results indicate that the
Figure 7. Absorption spectra of DMA in water (leftmost spectrum) . . L L
and in DTAB, TTAB, and CTAB aqueous micelle solutions (from left f€organization energy differs significantly even for similar

to right). The spectra are scaled to match peak heights. The 250 nmMicelles and that this difference incan lead to a pronounced
peak shifts by 2 nm from one micelle to the next. Spectra were taken effect on the electron-transfer dynamics.

against a reference consisting of water or the appropriate aqueous

micelle solution containing no DMA. VI. Concluding Remarks

absorption (arbitrary units)

and work is in progress to perform such calculations, beginning We have analyzed photoinduced electron transfer between
with the simplest model. DMA and ODRB on the surfaces of three alkyltrimethyl-
To understand the experimental data presented here, we giveémmonium bromide micelles: DTAB, TTAB, and CTAB.
a qualitative argument based on evidence that the local DMA Direct examination of the data indicates that the amount of
environment varies from micelle to micelle. Figure 7 shows forward electron transfer increases with micelle radius for the
the absorption spectra of DMA in the three aqueous micelle same DMA packing fraction. From theoretical and physical
solutions and in water. The absorption spectrum of DMA in arguments, we expect that, for micelles differing only in their
water is shifted several nanometers to the blue. As can be seerfadii, the amount of electron transfer should be determined by
from the figure, the DMA environment varies in a consistent the density of DMA on the micelle surface. In fact, this result
fashion as the micelle is changed from DTAB to TTAB to is not observed.
CTAB. The spectral shifts demonstrate that there are changes To understand why electron transfer on CTAB would be faster
in the local optical and static dielectric constants. Although than on TTAB, which in turn would be faster than on DTAB,
formalisms based on Onsager’s theory of dielectrics could be we need to separate the effects of diffusion, micelle structure,
utilized to quantify the variations in dielectric constants from and the distance-dependent electron-transfer rate. Electron
shifts in the absorption specttathese formalisms are derived transfer at micelle surfaces is a complicated problem, and
assuming an isotropic continuum and are insufficient for micelle determining the influence of the various factors on the transfer
surfaces. Of the three micelles, the DMA absorption spectrum dynamics requires a detailed theoretical model. The theoretical
in DTAB is closest to that of DMA in water. This result is methods presented in ref 1 take into account the competition
consistent with recent neutron scattering data on these threebetween the various donors, any one of which may quench the
micelles which indicate that the extent of water penetration into ODRB fluorescence. The theory also includes lateral diffusion
the micelle decreases with increasing alkyl chain ledgth. of the acceptor/donors over the micelle surfaces and rigorously
Greater water penetration (a more polar environment) is performs the ensemble averaging to give an exact description
expected to lead to a larger value of the solvent reorganizationof electron-transfer dynamics for the model considered. We
energyA. The absorption spectra are consistent with an increasebelieve this model is a reasonable approximation to dynamics

in 1 as the surfactant chain length decreases. on real micelle surfaces.

To ascertain whether differencesrcould account for the Application of the theory to the experimental data presented
observed acceleration of the electron transfer as the micelle sizehere enables the different contributions to the electron-transfer
increases, we allowetto vary from DTAB to TTAB to CTAB. dynamics to be understood. From fits to the experimental data,

Although eq 11 is valid only in an isotropic dielectric continuum, we have determined that the differences in the electron-transfer
we note that reasonable variations in the optic and static kinetics in the three micelles stem from real differences in the
dielectric constants could lead to a 15% changg iBasically, distance-dependent rate coefficients, and not from differences
we are assuming for this preliminary analysis that the form of in the DMA distributions or the lateral diffusion coefficients.
the distance dependence is the same as that given by eq 11, buElectron-transfer rates are fastest on CTAB, intermediate on
the magnitude of the prefactor varies with micelle sized i§ TTAB, and slowest on DTAB because the solvent reorganization
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energy increases as the surfactant chain length decreases. This (18) Eriksson, J. C; Gillberg, GActa Chem. Scand.966 20, 2019.
result may be due to increased water penetration into the smallerSOE:l%?(irgée'?'s'\gé Kalyanasundaram, K.; Thomas, J. K.Am. Chem.
mlcell_es, _consistent with recent neutron scattering results. (20) Weidemaier, K.: Fayer, M. Ol. Chem. Phys1995 102, 3820.
Contributions to the reorganization energy arising from geo-

metric factors, e.g., the changing size of the hydrocarbon core,

may also be important.
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