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Electron solvation in aqueous reverse micelles: Equilibrium properties
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Microscopic aspects of electron solvation in aqueous reverse micelles are investigated using
molecular dynamics simulation techniques. Two micelle sizes, with water/surfactant ratios of 3 and
7.5, are examined. The electron is treated quantum mechanically using Feynman path integral
methods while the water, surfactant head groups, and counter ions are treated classically. Through
computations of the free energy as a function of the radial distance, the electron is found to be
preferentially solvated in the interior of the micelle in the ‘‘bulk’’ water pool. For small micelles, the
presence of the electron leads to a depletion of water in the central region of the micelle and thus
strongly disrupts the water equilibrium structure. Contact and solvent-separated ion pairs between
the electron and Na1 counter ions are found to play an important role in the equilibrium structure.
For the two micelle sizes investigated, the most stable solvation structures correspond to contact ion
pairs. The localization of the electronic charge distribution is found to increase with micelle size,
signaling more efficient solvation in larger micelles. ©2002 American Institute of Physics.
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I. INTRODUCTION

Reverse micelles are formed when surfactants are
solved in neat organic solvents or in organic phases cont
ing small amounts of water. In the latter case the reve
micelles comprise roughly spherical pools of water s
rounded by the polar head groups of the surfactant m
ecules. Micelles with different sizes and properties can
made by changing the water/surfactant ratio in the solut
Reverse micelles of this type have been studied widely,
marily because of their usefulness as microreactors
chemical and biochemical reactions.1,2 Not only can one
carry out chemical reactions in a confined environm
where the encounter rates between species are rapid
pared to those in bulk phases but, since polar and nonp
environments are brought into close proximity, one may
ficiently carry out reactions that are difficult to achieve
bulk homogeneous environments.

Many of the unusual properties of reverse micelles st
from the peculiar nature of the water phase within the m
celle. It is widely believed that the water phase may be p
titioned into zones corresponding to ‘‘surface’’ water that
tightly bound to the surfactant head groups and associ
counter ions, and ‘‘bulk’’ water at the center of micelle. Th
size of the reverse micelle and thus the relative amount
these two water phases can be tuned by changing the
w05@water#/@surfactant#. Often the water structure within
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micelles is studied through its interactions with probe s
cies. Solvated electrons produced by radiolysis or ot
means have provided considerable insight into the natur
the reverse micellar water structure.3–7 In addition, many of
the important chemical and biochemical reactions studied
reverse micelles involve electron transfer processes. In
context it is important to understand on a microscopic le
how electron solvation takes place in the micellar enviro
ment.

Molecular-level studies of electron solvation in rever
micelles present a number of difficulties. The reverse mic
lar structure is complex, involving the formation of the m
celle by arrangement of the surfactant head groups aro
the water pool and the stabilization of this structure. T
configurational degrees of freedom of the tail groups pla
central role in this stabilization process. There have b
microscopic studies of micelles in which the full structure
the surfactant molecules has been taken into account.8 One
of the most thorough molecular-level studies of the reve
micellar structure was carried out by Faeder and Ladan9

who used a simple model for the surfactant molecules. T
tail groups were neglected by supposing that the interior
the micelle was confined by a spherical potential. The s
factant head groups extended into the water pool and w
free to move on the micellar surface. The model captu
many important features of real micelles so that one m
investigate microscopic aspects of the structure in the w
pool, but it is sufficiently simple that extensive studies of t
structure and dynamics can be carried out for a range
micelle sizes.
il:
2 © 2002 American Institute of Physics
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If one wishes to study electron solvation in reverse m
celles one must take into account the fact that the electro
a quantum object and cannot be treated classically. A
molecular description at a reasonable level of approxima
must therefore consider a quantum electron in a class
environment comprising the surfactant molecules, coun
ions, and water molecules. Simulations of electron struc
in classical bulk environments have been carried out10–13 by
using a Feynman path integral representation of
electron.14 The calculations are technically challenging b
cause of the large number of effective polymer beads that
needed to simulate the discretized path integral. Special s
pling methods have been devised to overcome th
difficulties.15–17

In this paper we present a microscopic study of elect
solvation in reverse micelles. We adopt the micellar mode
Faeder and Ladanyi9 and treat the electron by using di
cretized path integral techniques. Section II presents the
tails of the model and how it was simulated. In particular,
intermolecular potentials used to model the interactions
specified and the parameters needed to carry out the mo
lar dynamics simulations are given. The aim of the pape
to provide a detailed description of the solvation structure
the electron in the reverse micellar water pool. These res
are presented in Sec. III. The conclusions of the study
given in Sec. IV.

II. MODEL

The equilibrium statistical mechanical description of t
system may be cast in terms of Feynman’s path integral
mulation of quantum mechanics.14 Quantum fluctuations are
neglected for all particles, with the exception of the electr
In this formulation, the canonical partition functionQ takes
the form

Q}E d$R%e2bVcl~$R%!E ...E D@r ~ t !#e2S@r ~ t !,$R%#, ~1!

whereb21 is the Boltzmann constant times the temperatu
Vcl($R%) denotes the potential energy for the classical p
ticles with coordinates$R%; r (t) represents the electron po
sition at the imaginary timet and D@r (t)# symbolizes the
path integral. The action functionalS@r (t),$R%# is given by

S@r ~ t !,$R%#5
1

b\ E
0

b\

dtS 1

2
meṙ

2~ t !1Ves~r ~ t !,$R%! D ,

~2!

whereme is the electron mass,Ves(r (t),$R%) is the potential
between the electron and the classical particles, and 2p\ is
Planck’s constant.

Before one can consider the simulation of the exc
electron in a reverse aqueous micelle, one needs a reaso
model for the micelle in the absence of the electron; i.e.,
water micropool surrounded by surfactants and a nonp
phase. Since the experimental evidence suggests that th
cess electrons reside mainly in the aqueous pools,3–7 we fo-
cus our attention on electron solvation within these poo
Consequently, it is appropriate to use the simplified mode
Faeder and Ladanyi9 for the micelle where the effects of th
Downloaded 23 Oct 2002 to 142.150.225.29. Redistribution subject to A
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hydrophobic portions of the amphiphiles and the nonpo
phase are taken into account through a confining poten
that gives the micelle a spherical-like structure with radiusR.
This model is constructed to represent micelles formed us
the sodium bis~2-ethylhexyl!sulfosuccinate~AOT! surfactant
in dilute mixtures of water in nonpolar solvents. The SO3

2

head groups and Na1 counter ions of the surfactant mo
ecules are taken into account explicitly, an important feat
for our microscopic solvation studies. Given these consid
ations, our model system includes:Nw water molecules,
NSO

3
2 surfactant head groups harmonically bound to a cav

of radiusR, NNa1 counter ions, and the excess electron.
The coupling of the electron to the other molecules

the micelle is described by the potentialVes which has three
main contributions:

Ves5Ve–w1Ve– SO
3
21Ve– Na1. ~3!

Here Ve–w is the electron–water potential which was tak
from the pseudopotential model of Schnitker and Rossk11

Assuming a united atom model for the SO3
2 group, the

electron–SO3
2 interactionVe– SO

3
2 was taken to consist solel

of pairwise additive Coulombic terms. For the electron
counter ion contributionVe– Na1, we adopted the loca
pseudopotential form given in Bacheletet al.18 The contribu-
tions to the potential energy among the classical particlesVcl

were taken to be identical to those in Faeder and Ladan9

except for the water–water interactions. To be consist
with the Ve–w of Schnitker and Rossky,11 we used the SPC
model19 for water instead of the extended simple po
charge~SPCE! model.20 Simulations of electron solvation
were carried out on micelles whose sizes were character
by the ratiosw053 (R513.2 Å) and 7.5 (R519.4 Å); in
addition some simulations were also carried out for lar
micelles withw0510 (R522.9 Å). The geometrical param
eters, and number of water and surfactant molecules w
identical to those presented in Table II of Faeder a
Ladanyi.9

A. Simulation method

Efficient algorithms exist to properly sample fluctuatio
of the electron path governed by the action in Eq.~2!. These
algorithms rely on the isomorphism that exists between
statistical mechanics of the electron path, discretized
imaginary time, and that of a cyclic polymer withP ‘‘beads’’
with coordinatesr i .

For a finite value ofP, the quantum partition function in
Eq. ~1! reduces to that of a classical system with an effect
potential given by21

Veff5Vcl1
Pme

2~b\!2 (
i 51

P

~r i2r i 11!21
1

P (
i 51

P

Ves~$r i%,$R%!.

~4!

To sample the phase space of a system governed by
effective potential, we implemented a molecular dynam
scheme that included a reversible multiple time scale integ
tor for Newton’s equations of motion,22 and the staging
algorithm.16 Full details of the method can be found in Ref
15–17. The parameters employed in our simulations wer
follows: the number of beads was taken to beP51000 and
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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the number of staging masses was set toj 21549. The
masses of the electron beads were taken to be equal to
actual mass of the electronme* 5me , while for the rest of the
classical atomic species, the masses were taken to bema*
51022ma .

A chain of Nose´–Hoover thermostats23 was used to
simulate canonical dynamics. Chains consisting of th
Nosé–Hoover thermostats set atT5298 K were coupled to
each Cartesian coordinate of the polymer–electron; an a
tional chain was also attached to the rest of the class
particles. The masses of these thermostat chains were
equal toQe

stage5b\2/P and Qe
end5 jQe

stagefor the stage and
end beads, respectively. The masses of the chain of the
stats coupled to the classical particles were taken asQ1

5Nd /(bvLJ) and Qi5Q1 /Nd ( i 52,3), whereNd is the
number of degrees of freedom in the classical system
vLJ is the frequency at the minimum of the oxygen–oxyg
Lennard-Jones interaction in water. Constraints imposed
the intramolecular distances and on the particle positi
were handled with the SHAKE algorithm.24

Two different time steps were used:Dt51022 fs to inte-
grate the classical bath variables anddt5Dt/3 to evolve the
rest of the fast dynamical variables~including the thermo-
stats!. All simulations included an equilibration period of ap
proximately 105Dt, followed by trajectories of typical length
1 – 1.53106 Dt used to evaluate the statistical properties
the system. Given the fictitious nature of the dynamics a
the arbitrary assignment of light masses to the classical
ticles to better sample the phase space, no physical sig
cance should be attached to the time intervals in the sim
tions. Rather, their length is proportional to the number
independent equilibrium configurations sampled in the sim
lation.

As we shall see in the results presented below, the e
librium structure of electron solvation in reverse micelles
complicated by the existence of metastable ion pair spe
separated by high free energy barriers. As a result, strai
forward molecular dynamics or Monte Carlo cannot be u
to investigate the equilibrium structure and methods for r
event sampling must be implemented to study the natur
the metastable states in the system.

FIG. 1. Species density fields in micelles of different sizes:~left ordinate!
rO(r ), dashed lines;rNa1(r ), circles;~right ordinate! rSO3

2(r ), solid lines.
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III. RESULTS

We begin with a brief discussion of the main structu
features that are relevant for the characterization of solva
in reverse aqueous micelles. The micellar water pool i
nonuniform environment for electron solvation, so it is co
venient to define a local coordinate system whose origin i
the center of the micelle. Lettingr denote the magnitude o
the distance from the center, the local density of speciesa,
ra(r ), exhibits well-differentiated characteristics which d
pend on the species and size of the micelle. Except for
smallest micelles (w0,3), the water density in the centra
portion of the micelle is nearly uniform; for example, mon
toring the oxygen atom in water one hasrO(r )'rO

bulk

50.033 Å23 ~see Fig. 1!.
This central region is thebulk or free water domain.

Figure 1 also shows thatrO(r ) has a deep minimum atr
'(R24) Å. This minimum is flanked by two peaks atr
'(R26.5) Å and r'(R22.5) Å where the water density
shows considerable structure. The water in these regio
termedboundandtrapped, respectively.9 The position of the
peak atr'(R22.5) Å roughly coincides with the maximum
in the local density of Na1, rNa1(r ), which decays strongly
for r ,(R25) Å. The headgroup densities have sha
Gaussian profiles centered at (R22.5) Å in all cases.

A. Electron solvation

A reverse micelle is a complex environment for electr
solvation. The central water pool can provide a mediu
which is favorable for solvation of the electron; however,
the electron explores regions of the micellar boundary it w
encounter a very different environment, rich in counter io
and head groups, where its solvation structure is expecte
be very different. Furthermore, counter ions are free to p
etrate into the water pool and thus may form ion pair co
plexes with the electron.

In this work we focus on electron solvation in the cent
~bulk water! part of the micelle. As mentioned above, sudi
of electron solvation in this central water pool must acco
for the fact that the electron may exist as an individual en
solvated by water, as a solvated ion pair species in comb
tion with an Na1 counter ion or, possibly, as more comple
ion-bound species. We limit our study to the solvation stru
ture of a single electron and an electron–ion pair species.
shall see that electron–ion pair is the more stable species
is likely to play the most important role in determining th
properties of the solvated electron in the micelle.

The structure of an individual electron in the central w
ter pool, in the absence of electron–ion pairs, may be pro
in several ways. The electron may be inserted at the mic
center and allowed to freely explore its environment. Due
the fact that the electron is preferentially solvated in cert
regions in the micelle, a long trajectory starting from su
initial conditions will mainly probe configurations in the v
cinity of these favorable regions. Alternatively, the electr
centroidrC ,

rC5
1

b\ E
0

b\

r ~ t ! dt5
1

P (
i 51

P

r i ~5!
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp



y
a
t

is

-
l

s

tr

si
id

in
ion

c
n
l
ll
-

e-

u-
s
the

hat
and
the

he
ion.
on-
of
ore

for
s
e.
he
the
olva-
tion
d

of
ion
,
n.
er-
–

r an

fo

of
e

icelle

7715J. Chem. Phys., Vol. 117, No. 16, 22 October 2002 Electron solvation in reverse micelles
may be fixed at a given distance from the micelle center b
holonomic constraint and the thermodynamic properties m
be investigated using this constrained ensemble. Since
probability density of finding the electron centroid at a d
tance r from the center of the micelle isP(r C5r )
54pr 2rC(r ), whererC(r ) is the local density of the elec
tron centroid, the reversible work~difference in the potentia
of mean force! to moverC along the radial direction fromr 8
to r in the micelle is given by

WC~r !2WC~r 8!52
1

b
ln

P~r C5r !

P~r C5r 8!
,

52
1

b
ln

rC~r !

rC~r 8!
2

2

b
ln

r

r 8
.

~6!

The mean forceFC(r ) acting on the electron centroid i
defined as

FC~r !52
dWC~r !

dr
,

52^ r̂C•“ rC
Veff& r C5r1

2

br
,

52(
i 51

P K r̂C•
dVeff

dr i
L

r C5r

1
2

br
,

~7!

wherer̂C5rC /urCu and the angle brackets^¯& r C5r represent
a statistical average over an ensemble in which the elec
centroid is constrained atr C5r . The factor 2/(br ) in this
equation, which has its origin in the spherical shell volum
element, is an apparent force that can be viewed as ari
from the noninertial nature of the radial centro
coordinate.25

Results forWC(r ) for two micelle sizes are presented
Fig. 2. One can see that the most favorable radial posit
for electron solvation in thew053 and w057.5 micelles
correspond tor C'1.5 and'5.25 Å, respectively. A rough
estimate of the actual radial domain within which the ele
tron centroid is likely to be found can be obtained by co
sidering regions whereWC(r ) remains comparable to norma
thermal energies. Forw053.5 this region is a spherical she
defined by 0.5&r &3 Å, while for w057.5 the correspond
ing shell is shifted and is defined by 2.5&r &7 Å. Figure 3

FIG. 2. Free energy as a function of the position of the electron centroid
different micelle sizes:w053 ~solid line!; w057.5 ~dot–dashed line!. The
zeros of the mean potentials were arbitrarily set at the curve minima.
Downloaded 23 Oct 2002 to 142.150.225.29. Redistribution subject to A
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shows a molecular configuration for thew057.5 micelle
with a solvated electron–polymer in the interior of the aqu
ous pool.

The decomposition of the total mean force into contrib
tions from the solvent, Na1 counter ions, and head group
shows that the average value of the force is the result of
balance between the force arising from the ionic field t
tends to move the electron toward the micelle boundary
that from the water reactive field that tends to move
electron into the water pool. Thus, the sharp increase inWC

for large r should be interpreted as a stabilization of t
electron in the central region induced by aqueous solvat

The presence of an excess electron induces n
negligible changes in the intramicelle spatial distributions
the different species. As expected, these effects are m
noticeable in smaller micelles. In Fig. 4 we give results
ra(r ), a5O, Na1. Comparison of these radial distribution
with those for micelles without the electron is instructiv
For w053, in micelles containing an excess electron, t
central part of the micelle is depleted of solvent due to
presence of the electron and has a more pronounced s
tion structure. For larger aggregates, effects of the disrup
of the solvent structure in the vicinity of an off-centere
electron cannot be fully captured by thera(r ) profiles since
they involve an orientational average over the positions
the solvent molecules. The intramicelle spatial correlat
functions for the Na1 counter ions, also displayed in Fig. 4
are similar to those in micelles without an electro
Electron–solvent pair correlation functions are also of int
est. In Fig. 5 we show the results for different centroid
solvent correlation functionsgCa(r ) defined as

gCa~r !5
1

4pr 2 K (
i

d~ urC2Ri
au2r !L , ~8!

where Ri
a denotes the coordinate of sitea in the ith mol-

ecule. For comparison, we have also included results fo

r

FIG. 3. Cross section of the micelle showing a molecular configuration
the internal structure of aw057.5 aqueous reverse micelle with th
electron–polymer~light gray! solvated in the central~bulk water! part of the
aggregate. The counter ions and surfactant heads groups at the m
boundary are rendered in black and dark gray shading, respectively.
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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excess electron dissolved in bulk simple point charge~SPC!
water. We see that in passing from the bulk to the smal
micelle, the spatial confinement in the micelle produce
gradual loss of solvent structure in the vicinity of the ele
tron. However, the positions of the first solvation shells
r'3.5 Å for gCO(r ) and at r'2.45 Å for gCH(r ) are ap-
proximately the same, regardless of the micelle size, and
slightly shifted to larger distances compared to the b
value. Forw053, only a well-defined first solvation she
containing five water molecules is observed; the bounda
of the second shell are affected by finite-size effects aris
from the nearby interface. For larger aggregates, the first
second solvation shells are more easily distinguished.

FIG. 4. Species density fields in micelles of different sizes in the presenc
an excess electron solvated in the central region:rO(r ) ~solid lines!, rNa1(r )
~dashed lines!. The corresponding density profiles in absence of the exc
electron are also shown~open circles and squares, respectively!.

FIG. 5. Electron centroid–water pair correlation functions for different m
celle sizes:~top panel! gCO(r ); ~bottom panel! gCH(r ). Labels arew053:
solid lines;w057.5: dotted lines;w0510: dot–dashed lines. Also show
results for an electron dissolved in bulk SPC water at ambient condit
~open circles!.
Downloaded 23 Oct 2002 to 142.150.225.29. Redistribution subject to A
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integral over the first peak ofgCO shows that there arenO

'5.5 and 5.7 molecules for sizesw057.5 and 10, respec
tively, in the first solvation shell. These numbers are low
than the corresponding bulk valuenO

bulk56, where a single H
atom in each water molecule is bound to the electron.

B. eÀ–Na¿ ion pairs

We saw that excess electrons initially located at the
celle center are stabilized by aqueous solvation in the cen
water pool. These results were obtained from simulatio
with initial conditions where Na1 counter ions were no
present in the central water pool, and in the course of
simulations they rarely entered this water pool. These res
should therefore be interpreted as a study of the metast
solvated electron far removed from any counter ions in
micelle.

However, it is important to consider the formation
e2 – Na1 ion pairs within the micelle. The most direct way t
study such ion pairs is by computing the electron–Na1 mean
potential We– Na1. Given the nonuniformity of the system
and in order to facilitate comparisons between different m
cellar sizes, it is convenient to compute the mean poten
with the electron centroid constrained at the micelle cente
full study would entail varying the electron centroid positio
as well as the centroid–counter ion distance but this is a v
lengthy set of calculations for this inhomogeneous mediu
In the top panel of Fig. 6 we present results forWe– Na1 for
w053 and 7.5. The mean potentials were computed by in
grating the average forces between the electron centroid
one tagged ion constrained to lie at ten fixed distan
dC–Na1 from the electron centroid. Both curves exhibit thr
minima. Stable configurations correspond toe2 – Na1 con-
tact ion pairs~CIPs! at dC–Na152 Å. In addition, we also
found stable solvent-separated-electron-ion pair~SSEIP!
states characterized bydC–Na155.2 Å. A third minimum cor-
responding to free ion~FI! states also appears in the vicini
of the micelle boundarydC–Na1'(R22.5) Å. ~This latter
state corresponds to one of the solvation states studied in

of

s

s

FIG. 6. Top panel:e2 – Na1 potential of mean force forw053.5 ~solid line!
and w057.5 ~dot–dashed line!: ~bottom panel! e2 – O radial distribution
functions~same labeling as the top panel!. The results were obtained with
the electron centroid constrained atr 50.
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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7717J. Chem. Phys., Vol. 117, No. 16, 22 October 2002 Electron solvation in reverse micelles
previous subsection.! The relative stabilities of these state
depend on the micellar size; while inw053 micelles the
SSIP lies 2.5kBT above the isoenergetic CIP and FI states
larger aggregates the boundary FI state lies at nearly
same energy as the SSEIP state, and approximately 8kBT
above the CIP global minimum. The magnitudes of t
CIP→SSEIP and SSEIP←FI interconversion free energ
barriers are intermediate betweenDW'5kBT and 10kBT
and are high enough to prevent frequent transitions betw
different minima. A crude estimate of the characteristic tim
for such transitionst int can be obtained from transition sta
theory, t int

TST5(2p/v0)exp(bDW)'0.1– 10 ns, wherev0

'10 ps21 is a frequency characteristic of the free ener
well minimum. In the course of very long simulation runs f
unconstrained electrons, we did observe a few episode
the spontaneous formation of CIP states in systems initi
prepared in FI states. These rare trajectories were exclu
from the ensemble used to obtain the results in Sec. III A

Interestingly, also note that the positions of the free
ergy barriers roughly coincide with two well structured so
vent shells within the micelle~see bottom panel of Fig. 6!;
one corresponding to the first solvation shell in the clo
vicinity of the electron and a second one identified w
boundwater, where bothgCO reach their global maxima. Th
presence of an intermediate shell with considerable struc
at r'5.2 Å in thew053 case—which is clearly absent fo
w057.5 micelles—also explains the deeper minimum cor
sponding to the SSEIP state in the smallest aggregates.

C. Electron localization

The last aspect that we consider concerns the exten
electron localization within the micelles. This localizatio
may be probed by studying the behavior ofR2(t), the root
mean square correlation function for the electron ‘‘polym
chain’’ defined by

R2~ t2t8!5^ur ~ t !2r ~ t8!u2&,
~9!

0<t2t8<b\.

In bulk SPC water, under similar conditions, the tempo
dependence ofR(t) is characterized by a plateau value
approximately 3.1 Å which exists for all times with the e
ception of two short domains in the vicinity oft50 and t
5b\. Such time independence has been interpreted
signature of statistical dominance of the ground state on
behavior of the electron.26 Expressed in terms of the spe
trum of instantaneous electron eigenvalues, this situation
responds to large energy gaps (@kBT) between the ground
state and the manifold of excited states. In Fig. 7 we pres
results forR(t) for three different micelle sizes.

We observe that as the electron polymer correlat
length R5R~b\/2! decreases we move from smaller
larger aggregates. This trend is indicative of a gradual, m
efficient electronic solvation; i.e., a larger extent of cha
localization as we pass from small-size micelles to lar
ones, with theR→` bulk result as the limiting value. More
over, the increase in the electron size reveals that the ov
external field generated by the counter ions and the sur
tant head groups modifies the solvation characteristics of
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central water core in a non-negligible way. Of course,
effects of the external field should be less important as
size of the micelle becomes much larger than the elec
polymer size.

IV. CONCLUSION

Solvated electrons are often used as probes of the s
ture of the interior of reverse micelles3–7 and, consequently
it is important to be able to determine the nature of elect
solvation in these small systems. Our microscopic investi
tions of the electron solvation structure have provided insi
into some aspects of the solvation structure that are probe
such studies. The solvation of electrons in aqueous rev
micelles presents a number of distinctive features. As mi
be expected on physical grounds, we have found that
electron is preferentially solvated in the ‘‘bulk’’ water pool i
the interior of the micelle, rather than in the ‘‘surface’’ wat
layer that is tightly bound to the surfactant head grou
However, for small micelles withw0'3 the presence of the
electron strongly disturbs the equilibrium structure of t
bulk water pool. In addition, the formation of electron
counter ion pairs plays a very important role in the electr
solvation structure. For the two micelle sizes investigat
the most stable solvation state was thee2 – Na1 CIP, but
additional stable minima corresponding to SSEIP and
states exist. Thus, our results indicate that the solvated e
tron should exist in an equilibrium population of these sta
determined by the free energy profile.

The formation of ion pairs can have important cons
quences for the spectral properties of solvated electron
reverse micelles. In particular the observed blueshifts in
electron absorption peaks in reverse micelles relative to
sults for bulk water3 appear to clash with the existence of
less favorably solvated and more delocalized electron. C
sequently, it is important to assess the importance of con
butions frome2 – Na1 ion pairs to the total absorption spe
trum, given the noticeable changes in the optical spectra
excess electrons dissolved in concentrated aque

FIG. 7. Root mean square displacement for the electron polymer in diffe
micelles. Also shown are results for bulk SPC water and a free electro
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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electrolytes.27 The quantum character of the electron is ma
fested in the decrease in the dispersion of the electron de
with an increase in micelle size, reflecting a higher degree
solvation in the larger ‘‘bulk’’ water pools of the larger m
celles.

We have focused solely on the equilibrium solvati
structure but the dynamical properties of the solvated e
tron are also of interest. In particular the rate of exchan
between the ‘‘bulk’’ and ‘‘surface’’ water pools depends o
diffusion rates in the inhomogeneous micellar medium. T
rates of exchange between contact, solvent-separated
free electron–counter ion pairs may be studied using
event sampling methods to compute the rate constants
these processes. Computations of these dynamical prope
present challenges since methods that combine quantum
classical dynamics at adiabatic and nonadiabatic levels
description must be used to obtain the results. Such dyna
cal studies along with investigations of the spectrosco
properties will help provide a more complete picture of ele
tron solvation in aqueous reverse micelles.
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