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Neutron Spin-Echo (NSE) spectroscopy has been employed to study the interfacial properties of reverse
micelles formed with the common surfactant sodium bis-2-ethylhexyl-sulfosuccinate (AOT) in liquid alkane
solvents and compressed propane. NSE spectroscopy provides a means to measure small energy transfers for
incident neutrons that correspond to thermal fluctuations on the nanosecond time scale and has been applied
to the study of colloidal systems. NSE offers the unique ability to perform dynamic measurements of thermally
induced shape fluctuation in the AOT surfactant monolayer. This study investigates the effects of the bulk
solvent properties, water content, and the addition of octanol cosurfactant on the bending elasticity of AOT
reverse micelles and the reverse micelle dynamics. By altering these solvent properties, specific trends in the
bending elasticity constant,k, are observed where increasingk corresponds to an increase in micelle rigidity
and a decrease in intermicellar exchange rate,kex. The observed corresponding trends ink andkex are significant
in relating the dynamics of microemulsions and their application as a reaction media. Compressed propane
was also examined for the first time with a high-pressure, compressible bulk solvent where variations in
temperature and pressure are used to tune the properties of the bulk phase. A decrease in the bending elasticity
is observed for the d-propane/AOT/W) 8 reverse micelle system by simultaneously increasing the temperature
and pressure, maintaining constant density. With isopycnic conditions, a constant translational diffusion of
the reverse micelles through the bulk phase is observed, conforming to the Stokes-Einstein relationship.

Introduction

The anionic surfactant sodium bis-2-ethylhexyl-sulfosuccinate
(AOT) is widely known to form stable microemulsions consist-
ing of water, AOT, and a bulk organic solvent. In the oil rich
region of the ternary phase diagram, AOT surfactant self-
assembles into spherical reverse micelles with a water core on
the order of a few nanometers in diameter.1,2 The thermody-
namically stable, AOT reverse micelles are dynamic in nature
consisting of translational diffusion, shape deformations, and
intermicellar exchange of the aqueous cores.3 AOT reverse
micelles dispersed within compressed and supercritical alkanes
have been studied by a wide variety of techniques including
the following: phase behavior and conductivity measurements
to determine water uptake, phase transitions, and stability;4-7

dynamic light scattering (DLS), small-angle X-ray scattering
(SAXS), and small angle neutron scattering (SANS) to deter-
mine structure and size;8-10 and fluorescence and solvatochromic
spectroscopic methods to characterize local environments.11-14

In this study, the method of Neutron Spin-Echo spectroscopy
(NSE) is used to determine the effects of water content and
bulk solvent properties on AOT reverse micelle dynamics in
hexane, cyclohexane, and compressed propane solvents with
variations in temperature and pressure.

Neutron spectroscopy provides unique instrumentation for the
study of colloidal systems based on the premise that neutrons
are not electrically charged and interact solely with the atomic

nuclei. Neutron scattering also varies significantly between
atomic isotopes whereas their chemical properties remain largely
the same. This enables the use of contrast variation methods
with AOT reverse micelle microemulsions consisting of deu-
terated water, deuterated bulk solvent, and hydrogenated AOT
surfactant, such that the motions of the AOT surfactant
monolayer can be selectively probed. Neutron Spin-Echo
(NSE) spectroscopy is complementary to SANS, providing
dynamic measurements of the scattering system while SANS
relates a static representation. SANS has been widely used in
studying microemulsion systems to determine the size and shape
of surfactant aggregates by measuring elastic neutron scattering.
NSE is a quasielastic method that measures energy transfers,
in the 0.01 to 200 ns time scale, as a function of the scattering
vector, Q, which depends on the space correlation of the
scattering system.15 This study implements NSE to measure
micellar diffusion and shape fluctuations in surfactant mono-
layers to studying AOT reverse micelle dynamics.15-21 The
measured bending elasticities demonstrate the same trends
observed in intermicellar exchange kinetics and nanoparticle
synthesis, thus supporting the connection between the micelle
interfacial properties and the application as a reaction media.
Additionally, this is the first NSE investigation of reverse micelle
dynamics in a high pressure, compressible bulk solvent and
demonstrates the ability to control the micelle dynamics by
tuning the adjustable solvent properties of the bulk solvent by
using temperature and pressure.

Reverse Micelle Microemulsions

Properties of surfactant films include interfacial tension,
rigidity, spontaneous curvature, saddle-splay elasticity, and
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bending elasticity, each of which are dependent on the surfactant
structure, additives, ionic strength, solvent properties, and
temperature.22-24 The Helfrich stabilization model, eq 1, relates
the bending energy of a spherical microemulsion droplet to the
bending elasticityk, saddle-splay elasticitykh, and the spontane-
ous curvatureRs.22 R1 andR2 are the principal curvature radii
and dS is a surface area element.

Each of these terms contributes to the stability and structure
of the emulsion. Values ofk can range from fractions ofkBT to
100kBT. Rigid structures including membranes and lipid bilayers
often fall in the 10 to 100kBT range while microemulsions and
vesicle structures which are much less rigid havek values on
the order of 1kBT or less.25,26 Values below 0.1kBT typically
result in emulsion instability. The ratiokh/k is also related to the
emulsion structure withkh/k between -1 and 0 yielding
bicontinuous phases while values between-2 and -1 give
spherical microemulsions.26,27 Recent studies ofk for micro-
emulsion systems have reported values ofk in the 0.2 to 0.8
kBT range;25,27,28however, cross-researcher and cross-method
comparisons often lead to inconsistencies, as will be discussed
in the following sections.

The surfactant monolayer properties largely control micelle
dynamics and play an important role in micelle kinetics with
applications to reactions and nanomaterial synthesis. In a
previous study, we demonstrated that the bulk alkane solvent
and AOT surfactant tail interaction affect the growth rate of
copper nanoparticles within the AOT reverse micelles via
intermicellar exchange dynamics. In particular, the growth rate
in cyclohexane was shown to be considerably lower than that
in other n-alkane liquid solvents.29 Investigations of other
reaction systems, including nanoparticle synthesis, have dem-
onstrated similar trends for the effects of the bulk solvent
properties on the intermicellar exchange rate,kex.30,31 In
particular, Fletcher et al. performed an in-depth study of the
solvent effects on thekex kinetics of AOT reverse micelles,
demonstrating increases inkex with increasing chain length of
n-alkane solvents and significantly lowerkex in cyclohexane.3

The water content of the AOT reverse micelle system, where
W ) [H2O]/[AOT], is related to the reverse micelle water core
radius by32 r (nm) ) 0.18W and has also been shown to
influencekex, suggesting a maximum inkex and nanoparticle
growth rates in the vicinity ofW ) 10.3,29,31,33-39

Many of the discussions concerning intermicellar exchange
rates and nanoparticle growth rates within AOT reverse micelles
suggest that the physical properties of the AOT monolayer
govern micelle dynamics and particle synthesis within the media.
The property most commonly referred to is the micelle rigidity;
however, the physical properties of surfactant monolayers also
include lateral elasticity, bending elasticities, interfacial forces,
and spontaneous curvature. Helfrich’s model accounts for each
of these contributions to the interfacial elasticity of surfactant
monolayers. Values for the parameters have been determined
by a variety of macroscopic and microscopic techniques with
somewhat inconsistent results. Binks et al. determined the
bending elasticity constant for AOT aggregates in brine systems
using macroscopic interfacial tension and ellipsometry measure-
ments and found that the bending elasticity,k, decreased with
increasing chain length fromn-heptane ton-tetradecane with
values ranging from 1.1 to 0.6kBT, respectively.40 Other
methods, including DLS and SANS, have been used to probe
the properties of the AOT surfactant monolayer allowing

determination of the micelle size, shape, and polydispersity by
scattering techniques.41 The polydispersity values obtained for
AOT reverse micelles and other colloidal systems have been
indirectly used to determine values for the bending elasticity
of surfactant layers, both independently and in conjunction with
other methods. The various methods used to determine the
bending elasticities for the liquid-phase AOT system have
resulted in inconsistencies in the values reported throughout the
literature. NSE has been demonstrated to be an effective method
for determination of the bending elasticity of surfactant mono-
layers, including the AOT reverse micelle system.

The spontaneous curvature, saddle splay elasticity, and
bending elasticity can be determined from shape fluctuations
in the reverse micelles which are measured by NSE. This study
examines the effect of the bulk solvent and water content on
the properties of the AOT reverse micelles, specifically the
bending elasticity,k. The liquid alkane solvents investigated
include d-hexane, d-cyclohexane, and d-decane, which are
similar in composition but vary in structure, viscosity, and
solvent strength. The influence of theW value on micelle
dynamics is also of interest due to the demonstrated effects on
the intermicellar exchange rate. Compressible fluids have the
unique advantage of the tunable solvent properties which afford
the ability to adjust the microemulsion properties by using
temperature and pressure. The compressed propane microemul-
sion is thermodynamically stable over a range of temperatures
and pressures allowing for adjustments in the bulk solvent
thermophysical properties. The effects of varying bulk com-
pressed propane solvent properties on the dynamics of micro-
emulsions through changes in temperature and pressure are
investigated by using neutron scattering techniques

Neutron Scattering

SANS has been used extensively in studying microemulsions
as they exist in single and multiple phases to understand the
thermodynamics and interaction energetics associated with phase
transitions at various positions on the oil/water/surfactant ternary
phase diagram.42-47 SANS studies were influential in determin-
ing the structure and existence of AOT microemulsions in
compressed propane and ethane.9,10,14,48,49 Reverse micelle
microemulsions are dynamic systems and describing their
structure with SANS requires the use of a polydispersity term
that accounts for the range of micelle diameters observed by
the “static picture” of the entire microemulsion system. Equation
2 demonstrates the relationship between polydispersity and

spherical reverse micelles whereR0 is the mean radius,Rs is
the radius of spontaneous curvature, andf(φ) is the mixing
entropy per droplet as a function of the volume fractionφ.50-52

The polydispersity equation also demonstrates the contribution
of the bending elasticityk and saddle-splay elasticitykh and few
studies have determined values of the elastic terms using SANS
measurements.20,53 Comparison of the bending elasticity terms
obtained from SANS with those from alternative methods
reveals significant inconsistencies which have been discussed
in the literature.21,54-57 Typical values ofk are on the order of
kBT or smaller; however, the values obtained by SANS in the
literature are generally higher.53,58 These inconsistencies may
be a result of the static nature of the SANS measurements.54,59

NSE spectroscopy measures the dynamic fluctuations of the
surfactant monolayers for which the methods have been detailed
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in previous literature.15,59The intermediate scattering function,
I(Q,t)/I(Q,0), is measured by NSE and is related to an effective
diffusion coefficient,Deff (eq 3). TheQ-dependent effective

diffusion is comprised of a translational diffusion coefficient,
Dtr, and a deformation diffusion coefficient,Ddef(Q), representa-
tive of the droplet shape deformations (eq 4). The energy
associated with droplet deformations resulting from thermal
fluctuations in the surfactant monolayer can be used to determine
the spontaneous curvature of the AOT film, the saddle-splay
modulus, polydispersity of the micelles, and in particular the
bending modulus of elasticity of the AOT monolayer.59-61

with

From theQ-dependentDdef(Q) term, eq 5 is used to determine
values for the damping frequency of the droplet deformation,
λ2, and the mean-square displacement of the 2nd mode spherical
harmonics,〈|a2|2〉, wherejn(x) is thenth spherical Bessel function
and R0 is the mean droplet radius.50 The λ2 and 〈|a2|2〉 terms
are obtained by fittingDdef(Q) with eq 5 as a function ofQ. λ2

is related to the elastic properties of the reverse micelle by eq
6, which was derived by Kawabata et al.28,50 and is based on
the model proposed by Seki et al.62 η is the bulk solvent
viscosity andη′ is the D2O core viscosity. By using the methods
of Kawabata et al.28,50k is determined by eq 7 from combining
eqs 2 and 6.

Previous neutron spectroscopy studies on AOT and other
surfactant systems have concentrated mainly on microemulsion
phase transitions, as well as micelle structure, dynamics, and
shape fluctuations. Huang and co-workers studied the AOT
reverse micelle system in decane as a function of water content
for W ) 8 to 40,18 as well as the effects of pressure and the
addition of butanol cosurfactant.42 The bending elasticity and
diffusion constant were found to be independent ofW although
a majority of the W values investigated were rather large
compared to those studied for many applications, including
nanoparticle synthesis. The addition of butanol cosurfactant to
the AOT-decane system was found to result in a decrease in
the bending modulus.42,63Takeda and co-workers16,17used NSE
and observed a decrease ink with increasing temperature and
decreasing pressure for the AOT reverse micelle system in
decane,28,64,65both as a two-phase system64 and withW) 18.4.50

An increase in pressure was found to increase the rigidity of
the AOT membrane while the membrane becomes more flexible
with temperature increases. In a later study it was concluded
that size fluctuations and droplet diffusion are enhanced by

increasing the temperature as well as decreasing the pressure.28

These results were observed with decane, a relatively incom-
pressible fluid as the bulk solvent, which leads to an interesting
question concerning the effects of temperature and pressure on
the reverse micelle shape fluctuations dispersed in a compress-
ible fluid such as propane or CO2

66 where the solvent properties
are tunable with pressure.

The goal of this study is to investigate the role of the bulk
solvent and water content on the elastic properties of the AOT
reverse micelle system. The deuterated bulk solvents studied
include cyclohexane, hexane, decane, and compressed propane.
Each of the solvents form single phase, stable reverse micelle
microemulsions at the conditions investigated and regions of
phase transitions were avoided. The liquid solvents, cyclohexane
and hexane, were implemented as alkane solvents with the same
carbon number with differences in molecular structure, density,
viscosity, and strength of interaction with the AOT surfactant
tails. Decane is a straight chain solvent with density and
viscosity more comparable to cyclohexane than hexane. Com-
pressed propane was investigated where temperature and pres-
sure impact the bulk solvent properties. The influence of water
content in the cyclohexane system was investigated forWvalues
of 5, 10, and 18. Investigation of these aspects of the AOT
reverse micelle system by neutron spectroscopy will provide
further insight into the system and the governing properties of
micelle dynamics with applications to the kinetics of nanopar-
ticle formation.

Experimental Section

The liquid-phase microemulsions consisted of d12-cyclohex-
ane (99.5% D from Norell Inc.) or d14-hexane (99% D from
Sigma-Aldrich) as the bulk organic solvent, 0.137 M AOT
surfactant (Sigma-Aldrich), and the necessary amount of D2O
(Norell Inc.) for the desired water content. The addition of
1-octanol (Sigma-Aldrich) at 1.0 vol % was simply added to
the stable microemulsion. The resulting microemulsions were
single phase, stable, clear, and colorless solutions. The solutions
investigated includedWvalues of 5, 10, and 18 in d-cyclohexane
bulk solvent,W ) 10 with d-hexane bulk solvent, andW ) 10
in d-cyclohexane with 1.0 vol % 1-octanol. TypicallyW is
referred to as the molar ratio of H2O to surfactant; however,
for the contrast matching neutron scattering measurements it is
necessary to use D2O and for simplicity W will be used
interchangeably for both cases. Additionally,W is determined
by the amount of H2O or D2O added to the microemulsion; the
dissolved water in the solvents and AOT surfactant was assumed
to be negligible.

The AOT reverse micelle microemulsion in compressed
alkanes consisted of d8-propane (98% D from Cambridge
Isotope Labs) with 0.06 M AOT. The microemulsion was
formed within a custom built 316 stainless steel high-pressure
vessel, specifically designed and built at Auburn University for
high-pressure NSE measurements. The vessel design consists
of two circular sapphire windows (12.5 mm thick, 44.45 mm
diameter) sealed with Viton O-rings and three 1/8 in. HiP fittings
for inlet/outlet, RTD temperature control, 10 000 psi relief valve,
and a Heise digital pressure gauge. The capacity of the vessel
is approximately 8 mL with a path length of 6.2 mm, which
was reduced to 3.0 mm with the addition of quartz spacer
windows. The accessible sample area for the neutron beam was
38.1 mm in diameter to obtain the maximum signal from the
35 mm diameter neutron beam. An aluminum heating block
was also constructed for temperature control with use of a
silicone oil temperature bath and RTD temperature control
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device. The vessel was pressure tested to 500 bar for 48 h
without rupture.

The SANS measurements were performed at the NIST Center
for Neutron Research on the NG1 8m SANS with a distance of
3.6m from the sample to the 2-D area detector. The liquid-phase
microemulsions were loaded in 1.0 mm path length SANS liquid
sample holders. The wavelength of incident neutrons was 10 Å
with a momentum transfer (Q) range from 0.006 to 0.1 Å-1.
The compressed propane SANS measurements were performed
by using the high-pressure vessel with a path length of 3.0 mm.
The wavelength of incident neutrons was 6 Å with q from 0.01
to 0.17 Å-1. Data reduction and fitting was done with SANS
software utilities provided by NIST.67

The NSE measurements were performed at the NIST Center
for Neutron Research on the NG5 Neutron Spin-Echo spec-
trometer with 6 Å wavelength neutrons and∆λ/λ ) 17.5%.
Measurements included the samples, backgrounds (vessel+
solvent at each condition) and CarboPac (completely inelastic
scattering sample to measure instrument resolution) at each of
theQ values, and the percent transmission of the neutron beam
for each sample. The detector was positioned at four different
scattering angles to encompass the desiredQ ranges. Fourier
times were determined by the decay rate of the intermediate
scattering function and collection times were determined by the
intensity of the scattered neutrons.

Results and Discussion

SANS Measurements.The liquid alkane phase AOT reverse
micelle microemulsion was investigated by using SANS with
hexane as the bulk solvent andW ) 10, as well as in
cyclohexane withW ) 5, 10, and 18. The addition of 1.0 vol
% 1-octanol cosurfactant to cyclohexane withW ) 10 was also
investigated. The reverse micelle system studied consists of
deuterated bulk solvent and water core that are contrast matched
to isolate the hydrogenated surfactant shell. The reverse micelle
neutron scattering intensity was modeled with a poly core form
factor (polydisperse spherical particles with a core shell
structure) and a hard sphere structure factor (hard sphere
interparticle interactions), built into the NCNR data analysis
software.67 The variables taken into account by the poly core
form-hard sphere (PCF-HS) model include the micelle volume
fraction, average core radius (Å), polydispersity, shell thickness
(Å), scattering length density (SLD) of the core (Å-2), shell
SLD (Å-2), solvent SLD (Å-2), and the background (cm-1).
The terms held constant during the fitting of the SANS data
include the micelle volume fraction determined from the
experimental conditions, the shell SLD for AOT at 6.42× 10-7

Å-2 as obtained from the literature,68 and the solvent SLD at
values of 6.7× 10-6 and 6.14× 10-6 Å-2 for d-cyclohexane
and d-hexane, respectively.69

The background values were measured by the scattering of
the pure solvents over theQ range and were fixed at 0.08 cm-1

for d-cyclohexane and 0.1 cm-1 for d-hexane. The average core
radius, polydispersity, shell thickness, and core SLD were
determined from the model fitting. For the case of the d-hexane

W ) 10 system, it was necessary to fix the shell thickness to
obtain acceptable results from the model and a shell thickness
of 10 Å was assumed based on the cyclohexane results and
previously reported values.1 The D2O core SLD was allowed
to vary during the curve fitting and an initial value of 6.37×
10-6 Å-2 was used. The results obtained from the data fitting
confirm the core-shell structure and are listed in Table 1 and
the reverse micelle radius is obtained from the sum of the core
radius and the shell thickness. An expected decrease in core
radius with decreasingW is observed, as well as a decrease in
the SLD of the core which may be the result of an increased
influence of the surfactant headgroup or the presence of
hydrogenated water that was not removed during surfactant
drying. The polydispersity is influenced by the bulk solvent as
well as the water content at lowW values. An increased
polydispersity was observed with d-hexane as the bulk solvent,
compared to d-cyclohexane. An increase in polydispersity is
also observed in d-cyclohexane withW ) 5 compared toW )
10 and 18. Interestingly, the addition of 1.0 vol % octanol,
known to act as a cosurfactant, had negligible effect on the
polydispersity and micelle size. In contrast, the addition of
butanol cosurfactant to the AOT-decane reverse micelle system
was reported to increase the polydispersity.42

SANS for the AOT/d-propane/D2O microemulsion was
investigated withW ) 3, [AOT] ) 0.06 M, temperatures of 20
and 35°C, and pressures of 138, 241, and 345 bar with solvent
densities ranging from 11.57 to 12.63 mol/L. The SANS data
reveal very little change with temperature and pressure with a
slight increase in scattering intensity at the higher temperature.
The data were fit with the PCF-HS model, as well as a poly
core form factor (PCF) model that neglects any interparticle
interactions by settingS(Q) ) 1. Both models fit the data well
with a reverse micelle radius of∼16 Å within (0.05 Å,
polydispersity of 0.62 within(0.04, and background values
consistent with the measured values. The closeness of fit for
the two models demonstrates the relative weakness of interpar-
ticle interactions, confirming the observations of Eastoe et al.
for the AOT/h-propane/D2O system withW ) 20 and polydis-
persity values for the D2O core on the order of 0.20.9 The SANS
results obtained for thed-propane/W ) 3 microemulsion
correspond well with the previous studies in compressed
h-propane.9,14,48

Liquid-Phase NSE Measurements.Liquid-phase AOT
reverse micelle microemulsions corresponding to those studied
by SANS were investigated by using NSE and Figure 1 displays
the intermediate scattering function,I(Q,t) / I(Q,0), decay curves
for variousQ values. A majority of the measured decay curves
were eliminated for clarity of presentation. An indication of the
micelle dynamics can be inferred from the decay rates where
an increased decay is observed with a decrease in solvent
viscosity from d-cyclohexane to d-hexane and with a decrease
in micelle radius at lowerW values. The increased decay rate
is indicative of increased micellar effective diffusion where the
I(Q,t)/I(Q/0) data are fit by eq 3 resulting in theQ-dependent
Deff shown in Figure 2. The diffusion curves demonstrate a

TABLE 1: Results Obtained from the PCF-HS Model Fit of the SANS Data for the Liquid Phase AOT Microemulsions

d-hexane
W ) 10

d-cyclohexane
W ) 5

d-cyclohexane
W ) 10

d-cyclohexane
W ) 18

d-cyclohexane
W ) 10 +

1.0 vol % octanol

vol fraction 0.079 0.066 0.079 0.099 0.089
av core radius(Å) 17.9 12.4 18.1 31.7 18.0
polydispersity 0.39 0.33 0.24 0.22 0.24
shell thickness (Å) 10.0 10.3 10.5 10.0 9.7
SLD contrast (Å-2) 4.09× 10-6 3.34× 10-6 5.68× 10-6 5.91× 10-6 5.48× 10-6
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Q-independent translational diffusion term,Dtr, and a distinct
Q-dependent peak that accounts for the deformation diffusion,
Ddef. The reverse micelle size and the viscosity of the bulk
solvent impact theDtr, which corresponds with the Stokes-
Einstein relation, given in eq 8 whereη is the bulk viscosity.

The viscosity of the deuterated solvents was estimated from
the viscosity of the hydrogenated solvent analogues with density
adjustments, assuming the force independent, kinematic viscosity
of the deuterated solvents is equivalent to that of the hydroge-
nated solvents. In the same respect, the Stokes-Einstein relation
can be used to determine a correlation length,êr, from the
measuredDtr by eq 9.êr has been used to determine the degree

of interparticle interactions between the reverse micelles in
solution by differences inêr and the micelle radius.10 A
correlation length,êr, greater than the micelle radius suggests
increased interparticle interactions which are influential in
micelle dynamics. Table 2 lists the results obtained from the

NSE measurements as well as a comparison of the micelle radii
determined by NSE, SANS, and the correlation length. The
micelle radii predicted by SANS are consistently higher than
NSE but show very good agreement. Comparison ofêr and the
micelle radii shows excellent agreement for the reverse micelles
in d-cyclohexane; however, ford-hexane,êr suggests a slightly
increased interparticle interaction. This increase may be ex-
plained by a decrease in the solvent interaction with the AOT
tails as the bulk solvent is changed from d-cyclohexane to
d-hexane. The solvent interaction can be characterized by the
Hildebrand chi interaction parameter,ø, of 0.011 for cyclohex-
ane-AOT and 0.11 for hexane-AOT where the AOT solubility
parameter is calculated by the Hoy group contribution method.29,70

The greaterø for the hexane system would suggest enhanced
self-association of the AOT surfactant tails due to the decreased
solvent-tail interactions.

The Q-dependentDdef contribution to the diffusion curves
contains two distinct pieces of information, the position of the
peak,Q [Deff(max)], and the relative intensity,Deff(max)/Dtr.
The peak position is significant because it is identical with the
Q-dependent relation (π/micelle radius) as demonstrated in Table
2. In a similar NSE study by Hirai et al. on AOT microemulsions
in d-heptane withW ) 5, 10, and 20 it was concluded that at
low W, the predictedQ [Deff(max)] ) π/R relation does not
hold true.16 In contrast, this study with d-hexane and d-
cyclohexane as the bulk organic solvent demonstrates convinc-
ingly that the semiempirical relation does hold true.18,51,53The
intensity of theDdef peak increases with increasing micellar
dynamics, includingDtr. Previous studies have suggested that
the relative intensity of this peak is related to the dynamic
properties of the surfactant monolayer18,51 as discussed below.

Table 2 lists the AOT monolayer bending elasticity deter-
mined by eq 7 with the SANS polydispersity and NSE
dampening frequency,λ. The dimensionless bending elasticity
constants,k/kBT, are acceptable in that they are positive and
less than 1, corresponding closely with accepted values.54,58

Values ofk in the 0.2kBT range are representative of surfactant
films in nonrigid systems. These systems are very dynamic in
nature as demonstrated by measurements of the intermicellar
exchange kinetics.3,29,33One example is the bending elasticity
constants measured by Binks et al.40 using ellipsometry for the
AOT emulsion in various alkane solvents, observing a transition
from lamellar to bicontinuous organization (∼1.0 kBT to 0.06
kBT). In contrast, the values obtained in this study are generally
less than values measured by SANS methods both independently
and in conjunction with DLS.19,21,54,59,71Granted, the differences

Figure 1. The intermediate scattering function decay curves measured by NSE for the liquid-phase AOT microemulsions for (a) d-cyclohexaneW
) 10, (b) d-hexaneW ) 10, and (c) d-cyclohexaneW ) 5. The solid lines are fits of the data to obtainDeff for eachQ.

Figure 2. Q-dependent diffusion results obtained by NSE for the liquid-
phase AOT reverse micelle microemulsion. The solid lines represent
the fitting of the data points with eqs 4 and 5.

Dtr )
(1 - φ)kBT

6πηRH
(8)

êr )
(1 - φ)kBT

6πηDtr
(9)
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in k/kBT for the liquid-phase systems are small; the relative
trends observed correspond well with the predictions of micelle
rigidity as seen by micelle dynamics studies. As the bulk solvent
is changed from d-cyclohexane to d-hexane,k/kBT decreases
from 0.22 to 0.19 and thus a decrease in the bending elasticity
would correspond to a decrease in the micelle rigidity. The
addition of 1.0 vol % octanol cosurfactant to the d-cyclohexane
W ) 10 microemulsion also resulted in a decrease ink/kBT,
corresponding to a decrease in micelle rigidity. The addition of
5 vol % octanol to the d-cyclohexane,W ) 10 microemulsion
resulted in decreased stability of the microemulsion and a two-
phase system. These observations are consistent with a decrease
in the bending modulus observed with the addition of butanol
to the decane/AOT microemulsion by Farago.42 The effect of
W on k/kBT is also small with a minimum observed forW )
10. This suggests an increase in micelle rigidity would exist at
both lower and higherW values. Explanation of the observed
trends ink as a function ofW is most likely a result of deviation
from the surfactant spontaneous curvature as well as the ionic
interactions between the surfactant headgroups at lowWvalues
where the existence of bulk water is minimal. Despite the small
changes ink/kBT, the observed trends correspond with previously
observed solvent and water content effects on micelle dynamics
measured by the intermicellar exchange rate where a decrease
in micelle bending elasticity or rigidity would result in an
increased intermicellar exchange rate.3,33,72

The bending elasticity constants for the AOT surfactant
monolayer have been determined by other techniques. The most
commonly referenced study by Binks et al. used ellipsometry
to determinek for AOT in the lamellar phase and reported values
of 1 kBT with heptane, octane, and decane as the oil phase at
20°C. As the oil phase increased in carbon number to undecane,
dodecane, and tetradecane,k decreased to 0.4, 0.16, and 0.06,
respectively, as a transition to a bicontinuous phase was
observed.40,58 In another study, Nagao et al. used NSE and
SANS to study the decane/AOT microemulsion in the dense
droplet regime with equal volume fractions of D2O andn-decane
at 25°C and reportedk ) 1.4kBT.64 The d-decane/AOT reverse
micelle system has also been investigated with definedWvalues
including the initial study by Huang et al. in 1987, who reported
k ∼ 5 kBT using NSE.18 The d-decane/AOT/D2O microemulsion
has since then been studied by using NSE by Farago et al. [k )
3.0kBT with W ) 24.563 andk ) 3.8kBT with W ) 24.442] and
by Kawabata et al. with similar methods to this study [k ) 0.3
kBT with W ) 18.4].28,50

The d-decane/AOT/W ) 18.4, T ) 20 °C, reverse micelle
system was also studied on the NG5 NSE spectrometer at the
NCNR during the 2003 NCNR Summer School on Methods
and Applications of Neutron Spectroscopy. Results from this

study yielded the following:λ2 ) 1.77× 107, 〈|a2|2〉 ) 8.64×
10-3, Dtr ) 4.5 Å2/ns,R(NSE)) 39.2 Å,R(SANS)) 42.0 Å,
polydispersity) 0.25, êr ) 40.5, andk ) 0.22 kBT. This k
value is comparable to those obtained by Kawabata and again
is low with respect to other values listed in the literature for
the AOT reverse micelle system, but is very consistent with
the vales determined in this study and other microemulsion
systems.27 Thek determined for d-decane/W ) 18.4 is less than
that for d-cyclohexane/W ) 18, suggesting a less rigid micelle
would be formed with decane as the bulk solvent, as compared
to cyclohexane. The reverse micelle radii determined in the two
systems by SANS and NSE show excellent agreement. A
correlation length greater than the micelle radius suggests
interparticle interaction which may be expected based on
microemulsion stability and an accessible phase transition
around 60°C.50 TheDtr values obtained for d-cyclohexane and
d-decane also correspond nicely for micelles of comparable size
in bulk solvents with similar viscosities.

A wide range of values fork have been determined from
different researchers, instrumentation, and methods. Many of
these methods are very indirect and in order to determinek,
one must apply theories of varying depth and numerous
assumptions which lead to differences in the results. NSE is a
dynamic method that determinesk through thermal fluctuations
in the surfactant monolayer as opposed to structural methods
that use shape polydispersity such as SANS. Continued devel-
opment of instrumental methods and theory will lead to better
understanding of surfactant films as they apply to applications
such as reaction systems.

In all, the bending elasticity constant trends measured with
respect to bulk solvent and water content are significant,
particularly when correlated with the intermicellar exchange rate,
kex, which has applications in controlling chemical reactions and
nanoparticle synthesis within these systems. The rates of
chemical reactions mediated within the cores of reverse micelles,
such as metallic nanoparticle synthesis, are governed by the
intermicellar exchange process, where the contents of the
aqueous cores of two reverse micelles are exchanged. Investiga-
tion of chemical reaction rates by Fletcher et al.3 demonstrated
a decrease in thekex with decreasing chain length of liquid
n-alkane bulk solvents and significantly lowerkex in cyclohex-
ane. Similar trends in bulk solvent effects on growth rates were
observed in our studies of copper nanoparticle synthesis,29 as
well as the synthesis of cadmium sulfide quantum particles by
Towey et al.34 Additional studies onkex and reverse micelle
mediated reactions, including Fletcher et al. and our study on
copper nanoparticle synthesis, have demonstrated a decrease in
kex or particle growth rate with increasing water content with
W > 10.3,29,31,33,34Other studies have demonstrated a decrease

TABLE 2: NSE Results for the Liquid Phase Microemulsions and Comparison of the Reverse Micelle Radius Determined by
SANS, NSE, and the Correlation Lengtha

d-hexane
W ) 10

d-cyclohexane
W ) 5

d-cyclohexane
W ) 10

d-cyclohexane
W ) 18

d-cyclohexane
W ) 10 +

1.0 vol % octanol

damping freq (Hz) 7.97× 107 1.29× 108 4.22× 107 1.48× 107 3.24× 107

amplitude 1.32× 10-2 7.06× 10-3 7.78× 10-3 9.30× 10-3 1.06× 10-2

Q[Deff(max)] (Å-1) 0.120 0.170 0.124 0.082 0.116
π/R 0.122 0.173 0.125 0.083 0.117
Dtr × 107 (cm2/s) 17.1 9.0 7.0 5.5 7.1

R (Å) (NSE) 25.7 18.2 25.2 38.0 26.9
R (Å) (SANS) 27.9 22.8 28.6 41.7 27.7
corr lengthê (Å) 32.2 20.1 25.6 32.0 24.8
k/kBT 0.19 0.23 0.22 0.26 0.19

a The values for the bending elasticity modulus demonstrate trends consistent with micelle dynamics.
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in the exchange and growth rates as the water content is
decreased withW < 10.3,33-39 Comprehensive review of these
results suggests a maximum in the exchange and growth rates
in the vicinity ofW) 10, which correlate nicely with this study.
Given that an increase inkex results from a decrease in micelle
rigidity or a decrease in the bending elasticity constant, the NSE
results are in complete agreement with the results observed with
reaction rate applications.

Compressed Propane Phase NSE Measurements.Figure
3 is the incoherent scattering function decay measured by the
NSE spectrometer for the compressed d-propane/AOT/W ) 8
reverse micelle microemulsion at three conditions of varying
temperature and pressure. Only a select few of the measured
curves at the differentQ values are shown for clarity. Figure 4
displays theQ-dependentDeff results obtained from the decay
fits in Figure 3. The results at 20°C, 180 bar and 35°C, 290

bar demonstrate the effects of increased temperature and
pressure such that the density and viscosity are matched with
values of 0.536 g/mL and 0.156 cP, respectively. The NSE
results at these conditions yielded excellent results with a distinct
peak whereQ [Deff(max)] ) π/R and nearly identical values
for Dtr, as would be expected given the matched bulk solvent
viscosity. The NSE results at 20°C and 345 bar are questionable
where the expected peak in theDeff curve was not observed.
The results do indicate expected behavior in the lowQ range
with a decrease inDtr with the elevated pressure and increased
density, corresponding to a higher viscosity of 0.184 cP for the
bulk solvent. The NSE results presented in Table 3 for
measurements at 20°C, 180 bar and 35°C, 290 bar demonstrate
a decrease in the damping frequency,λ2, and an increase in
〈|a2|2〉 with increased temperature and pressure. Additionally,
excellent agreement was observed for the reverse micelle radius,
Dtr, and theQ [Deff(max)] ∼ π/R relationship. Values ofπ/R
andDeff(max) for 20°C, 180 bar were 0.147 and 0.146 and for
35 °C, 290 bar they were 0.145 and 0.140, respectively. The
NSE temperature and pressure study for d-decane/AOT/W )
18.4 by Kawabata et al. showed that〈|a2|2〉 increased with
temperature and decreased with pressure, indicating that the
micelle shape fluctuations are enhanced with increasing tem-
perature and suppressed with increasing pressure.50 This study
demonstrates an increase in〈|a2|2〉 with increased temperature
and pressure at a constant bulk solvent viscosity, suggesting a
greater effect of temperature on shape fluctuations, which was
also observed by Kawabata.50 The calculated correlation length
is similar to the micelle radius indicating minimal interparticle
interaction as expected for a stable microemulsion at conditions
far from a phase transition.9,10

The values fork listed in Table 3 were determined by using
eq 7 and polydispersity values of 0.25, 0.21, and 0.21 for the
three conditions with increasing pressure measured by SANS
on the d-propane/AOT/W ) 3 microemulsion. Assuming the

Figure 3. The intermediate scattering function decay curves measured
by NSE for the compressed d-propane/AOT/W ) 8 microemulsions.
The solid lines are fits of the data to obtainDeff for eachQ. Data for
a limited number ofQ values are presented for simplicity.

Figure 4. Q-dependent diffusion results obtained by NSE for the
compressed d-propane/AOT/W ) 8 reverse micelle microemulsion.

TABLE 3: NSE Results for the Compressed d-Propane/
AOT/W)8 Microemulsions as a Function of Temperature
and Pressure

d-propane/AOT/W ) 8 20°C 180 bar 35°C 290 bar 20°C 345 bar

damping freq (Hz) 3.59× 108 7.26× 107 3.60× 107

amplitude 5.40× 10-3 4.53× 10-2 4.34× 10-1

Dtr × 107 (cm2/s) 50.0 49.3 36.1
R (Å) 21.4 21.7 25.1
corr lengthê (Å) 26.8 28.4 31.4
k/kBT 0.37 0.19 0.20
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polydispersity forW ) 3 and 8 is the same in the d-propane
system, a decrease ink is observed with increasingT andP at
constant density. Determination of the bending elasticity constant
assuming a constant polydispersity of 0.209 yields values of 0.43
kBT at 20 °C, 180 bar and 0.20kBT at 35 °C, 290 bar. In the
case that a polydispersity of 0.30 is used, slightly lower values
of 0.34kBT and 0.11kBT are obtained which exhibit the same
decreasing trend. Previous NSE studies of temperature and
pressure effects on the AOT microemulsion system include the
Kawabata study and the previously mentioned Nagao study of
n-decane in the dense droplet regime. Nagao et al. found thatk
decreased from 1.4kBT to 0.4 kBT with an increase in
temperature from 25 to 40°C at 1 bar and increased to 2.6kBT
with an increase in pressure from 1 to 600 bar at 25°C.64

Kawabata et al. also reported a decrease ink with increasing
temperature and an increase ink with increasing pressure.50 For
both studies of the relatively incompressiblen-decane system,
the influence of pressure onk was greater than that of
temperature. For the d-propane system, a decrease ink with
simultaneous increases in temperature and pressure suggests that
temperature may influencek more so than pressure despite the
compressible nature of the bulk fluid. Moreover, this study
demonstrates the ability to measure reverse micelle dynamics
in a compressed d-propane microemulsion system and the ability
to adjust the surfactant interfacial properties with the tunable
properties of the bulk compressible fluid by using temperature
and pressure.

Conclusions

This work demonstrates the effects of the bulk solvent, water
content, and octanol cosurfactant on the AOT reverse micelle
system by measuring shape fluctuations to determine the bending
elasticity of the surfactant monolayer. The results revealed subtle
differences in the bending elasticity for each of the liquid
systems investigated; however, the trends observed correspond
very well with the results obtained by alternative methods of
studying AOT reverse micelle dynamics, particularly micro-
emulsion stability, intermicellar exchange rates, and nanoparticle
growth kinetics. The bending elasticity constants are relatively
low compared to the diverse range of values listed in the
literature, but are consistent with theoretical approximations.
Moreover, the observed increasing trends in bending elasticity
correspond to increases in micelle rigidity and decreasing
intermicelle exchange in the liquid-phase AOT microemulsion,
depending on the bulk solvent, water content, and cosurfactant
presence.

To our knowledge, this is the first NSE study of temperature
and pressure effects on a microemulsion formed within a
compressible solvent. The measurements performed on the
compressed propane/AOT/W ) 8 reverse micelle system
demonstrate the use of a tunable solvent to adjust the properties
of the reverse micelle surfactant monolayer without changing
the density or viscosity of the bulk fluid. This affords the ability
to alter the micelle rigidity while maintaining constant trans-
lational diffusion through the bulk fluid, or vice versa. The
ability to control the surfactant interfacial properties by adjusting
the bulk fluid properties with temperature and pressure in a
compressible fluid offers significant opportunity when applied
as a synthesis media.
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