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Structure and dynamics of reverse micelles containing supercooled water
investigated by neutron scattering
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We present a detailed neutron scattering study of the structure, shape fluctuations, and translational diffusion
of microemulsion droplets at low temperatures. We investigate the ternary microemulsion D,O, AOT [bis(2-
ethyl-hexyl) sulfosuccinate], and toluene-d8 (or heptane-d16) which forms spherical water droplets surrounded
by a monolayer of AOT dispersed in oil around room temperature. At 7=290 K, varying the molar ratio w of
water to AOT between 3 and 12, we find using small angle neutron scattering water core radii R, between 7 and
18 A, respectively. We characterize the structure at low temperatures down to 7=220 K. Upon cooling the
droplet structure is maintained and R, stays roughly constant down to temperatures where the confined water
is deeply supercooled. At an w-dependent temperature 7 we observe for all compositions a shrinking of the
droplets, which depends on the initial droplet size: the smaller the initial radii, the lower the T is. At the lowest
investigated temperature 7=220 K we find an w-independent remaining water core corresponding to a number
of about 2 water molecules per AOT molecule. Neutron spin-echo spectroscopy is used to monitor shape
fluctuations and translational diffusion for one microemulsion (w=8, R,,=12 A) from T=300 K down to
temperatures below the corresponding shrinking temperature 7. Thereby we determine the bending elasticity
to be k=0.3kT over the whole investigated temperature range where the droplets are stable. From these results
we cannot establish a link between surfactant membrane elasticity and low temperature structural instability of
the droplets. Moreover, our results show that reverse AOT micelles are an excellent tool for the study of soft

confined water over a broad range of confining sizes and temperatures down to the supercooled state.
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I. INTRODUCTION

Microemulsions are homogeneous and thermodynami-
cally stable mixtures of water and oil mediated by am-
phiphilic molecules called surfactants. The ternary system
consisting of the anionic surfactant AOT [bis(2-ethyl-hexyl)
sulfosuccinate], water, and oil is one of the most studied
microemulsions [1]. Around room temperature for a large
range of compositions it forms small spherical water droplets
surrounded by a monolayer of AOT that are dispersed in the
continuous oil matrix (see Fig. 1 for a sketch of such a re-
verse water swollen micelle). These reverse micelles are
relatively monodisperse (polydispersity of 10%-20%) and
by adjusting the molar ratio w of water to surfactant one can
change the micelle radius continuously in a controlled way
between a few angstroms and several nanometers [2]. The
density of droplets in the oil and hence the distance between
droplets can be varied independently of w by adjusting the
droplet volume fraction ¢. These droplet microemulsions
therefore form good model systems for the investigation of
liquids in soft confinement [3-5]. Due to its biological rel-
evance a case of special interest is that of confined water [6]
as many biological macromolecules enclose water and this
nanoscale confined water is known to be essential for the
stability and functionality of those molecules [7,8]. At the
same time many studies using a broad range of different
experimental techniques reveal that confined water differs
substantially from bulk water concerning many physical
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properties [9]. A better understanding of biological systems
containing water thus requires a deeper insight into the be-
havior of water under soft confinement. Besides giving ac-
cess to spatial dimensions for which confinement effects can
be expected it is also important that the confining environ-
ment remains stable over a wide temperature range and es-
pecially water in the supercooled state attracts interest for
both fundamental and application reasons. But whereas the
phase behavior and structure of this microemulsion is very
well investigated around room temperature and for high tem-
peratures, very little is known for temperatures below the
freezing point of bulk water. Nevertheless without having a
detailed knowledge about the structure and the dynamical
behavior, water-in-oil microemulsions have been used for
cryoenzymologic studies in the subzero temperature range

toluene-d8

FIG. 1. Schematic coherent scattering length density p profile of
an AOT reverse micelle and a D,O swollen AOT reverse micelle in
toluene-d8. Core radius R, and shell thickness d are marked below
the drawing.
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TABLE 1. Literature data for freezing temperatures T} of reverse micelle confined water obtained by
different experimental techniques. @ denotes the molar ratio of water to AOT.

Solvent Technique ) Ty Ref.
Isooctane DSC 1-10 ®w=4: no freezing [13]
Dodecane DSC 1-20 ®w=6: no freezing [13]
w=6: freezing ~232 K
w=12: continuous freezing from 253 K on
TMB DSC 3-38 2-4 H,O/AOT remain unfrozen [19]
Heptane Fluorescent probing 0-30 Water core: w dependent [16]
Shell water: w independent, ~240 K
Pentane Infrared spectroscopy 1-40 o independent, ~240 K [17]

for more than 20 years now [10,11]. The first low tempera-
ture study on H,O/AOT/iso-octane microemulsion with w
ranging between 0 and 60 was made using dynamic light
scattering (DLS) [12]. The droplet size was determined in an
indirect way by assuming that the spherical shape of the
droplets is maintained at temperatures down to 7=178 K
and then the radius was calculated from the measured diffu-
sion coefficient via the Stokes-Einstein relation. For samples
with the lowest water content no change in size was observed
for the whole investigated temperature range. Bigger water
swollen micelles showed a size variation at a temperature
already above T=273 K. Contradictory results were re-
ported concerning the freezing of water in reverse AOT mi-
celles for a variety of surrounding oils and molar ratios w
applying differential scanning calorimetry (DSC) [13-15],
fluorescence probing [16], infrared spectroscopy [17], and
neutron backscattering (3) [18]. A freezing temperature of
the water core independent of the droplet size was reported
[17] as well as a strong dependency of the supercooling on
the confining size [18,16]. The results published on the freez-
ing temperature of reverse micelle confined water are sum-
marized in Table I. Furthermore the dynamics of the confined
water was investigated for the D,O/AOT/dodecane system
with w ranging from 3 to 38 from room temperature down to
230 K [19]. The reorientation rate of the supercooled con-
fined water was found to be 2 orders of magnitude lower
than that of bulk water at the same temperature. Results ob-
tained by these different experimental techniques agree in the
finding of a small amount of unfreezable water correspond-
ing to two to six water molecules per AOT molecule and
have in common that they only assume the preservation of
the reversed micellar structure at all temperatures.

In this paper we present a detailed analysis of the struc-
tural and dynamical behavior of such microemulsion systems
at low temperatures. We measured AOT-water microemul-
sion systems with different droplet sizes and toluene or hep-
tane as oil down to 7=220 K. By means of small angle
neutron scattering we determined the size and polydispersity
of the droplets as a function of temperature. We find the
droplets to be stable down to temperatures much below the
freezing point of bulk water. At a temperature 7 that de-
pends on the initial water loading, and hence the size of the
droplets, the droplets begin to shrink. The microemulsion
structure has been investigated at such low temperatures in a

direct way. This droplet instability temperature 7, is com-
pared to results on water freezing. Even at the lowest inves-
tigated temperature 7=220 K we observed a finite remain-
ing water core whose size seems to be similar for all
compositions and independent of the initial droplet water
content. We discuss in detail the behavior of droplet polydis-
persity p, water core radius R, and AOT shell thickness d
upon cooling. For two samples we also monitored the struc-
ture upon heating back to room temperature. We show that
the structural changes observed upon cooling are reversible
and that a continuous water uptake takes place beginning
even at the lowest temperatures. To gain further insight into
the mechanism of droplet shrinking we have chosen one mi-
croemulsion sample with an initial core radius of R,=12 A
for performing neutron spin-echo (NSE) spectroscopy which
is known to be an excellent tool for the determination of the
bending elasticity of surfactant layers in microemulsion sys-
tems [20,21]. We discuss the translational diffusion coeffi-
cient of the entire droplets as well as the shell deformations
and the deduced bending elasticity of the AOT surfactant
membrane. We draw a consistent picture of the microemul-
sion structure and dynamics over the investigated tempera-
ture range. Our results will lay the groundwork for the study
of water in confinement under well characterized conditions.

II. EXPERIMENTAL
A. Samples and materials

The microemulsions were prepared by mixing appropriate
amounts of AOT, D,O, and deuterated oil (toluene-d8,
heptane-d16, or decane-d22) and shaking for several minutes
until the samples were single phase and optically clear. Deu-
terated solvents n-heptane-d16, toluene-d8, n-decane-d22
(Acros Organics, Euriso-Top, 98%), D,O (Euriso-Top,
99.9%), and AOT (Acros Organics) were used without fur-
ther purification. The composition of the microemulsion is
given by the two parameters w and ¢, with @ being the
molar ratio of water to surfactant AOT and ¢ being the drop-
let (water plus AOT) volume fraction. The droplet radius
depends on first approximation linearly on w and is for mod-
erate droplet concentrations independent of ¢. In this study
¢ was kept constant at 0.2 (0.1 for NSE) while varying
between 0 and 12 (8 for NSE). This ¢ was chosen to allow a
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TABLE II. Summary of sample compositions of our study:
denotes the molar ration of water to AOT; ¢ is the prepared droplet
volume fraction.
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TABLE III. Coherent scattering length densities p and bulk
freezing temperature 7 for microemulsion compounds.

T

Method Sample Composition ® ¢ Compound ( 10‘6p A?) (Kf)
SANS 1 D,O/AOT/n-heptane-d16 12 0.2 D,O 6.38 276.8

2 D,0/AOT/n-heptane-d16 5 0.2 AOT}ea 5.67

3 D,0/AOT/n-toluene-d8 8 0.2 AOT; -0.38

4 D,0/AOT/n-toluene-d8 3 0.2 Toluene-d8 5.76 179

5 AOT/n-toluene-d8 0 0.2 Heptane-d16 6.30 182

6 AOT/n-decane-d22 0 0.2 Decane-d22 6.64 241
NSE 7 D,0O/AOT/n-toluene-d8 8 0.1

1 i

direct comparison with a neutron backscattering study on the p= ‘_/2 beon (2)

freezing of water in reverse micelles [18]. In Table IT com-
positions of all investigated samples are listed.

B. Small-angle neutron scattering
1. Technical

Small-angle neutron scattering (SANS) experiments were
carried out on the D22 diffractometer at the Institut Laue
Langevin (ILL, Grenoble, France) using a neutron wave-
length of A=6 A. The 3He multidetector (~1 m? active
area with pixel size of 8 X8 mm?) was placed at a distance
of 2 m from the sample (collimation of 8 m). The chosen
configuration covered a range of scattering vectors Q
=44/ sin(6/2) (with 6 being the scattering angle) from
0.025 to 0.47 A~'. Samples were measured in 1 mm thick
flat aluminum holders sealed with indium. A standard ILL
orange cryostat was used for temperature control. For nor-
malization to absolute intensities 7(Q) (cm™!) the incoherent
scattering of water in a | mm quartz cell was measured. The
raw data were radially averaged, corrected for electronic
background and empty cell scattering, and normalized to ab-
solute intensities using standard ILL software [22]. Samples
were cooled from 7=285 down to 220 K with cooling rates
of 0.5 K/min. While cooling scans were taken continuously
with an accumulation time of 2 min/spectrum. In the inves-
tigated temperature range all used solvents are liquid (see
Table II for a listing of bulk freezing points of the used oils).

2. Data analysis

For interacting polydisperse droplets of number density n
with uncorrelated size and position the normalized SANS
intensity (scattering cross section per unit volume) I(Q)
(cm™') can be written as the product of the average droplet
form factor F(Q) and a structure factor S(Q) accounting for
droplet-droplet interactions,

I(Q) = n<F(Q)>S(Q) + Iinc’ (1)

where [;,. is the incoherent Q-independent background that
was treated as a separate fitting parameter. The coherent scat-
tering length densities p of the sample compounds were cal-
culated as

where V denotes the molecular volume and b, denotes the
coherent scattering length of atom i in the molecule [23].
Resulting values for p are listed in Table III. Since D,O, the
deuterated oil, and the AOT head groups have very similar
coherent scattering length densities, the main contrast arises
from the AOT tails. See Fig. 1 for a sketch of the scattering
length density profile of a shell contrast water swollen re-
verse micelle and a pure AOT reverse micelle. We used a
form factor F(Q) for a polydisperse core-shell spherical par-
ticle with core radius R, and shell thickness d [24], where the
core is composed of D,O and the AOT-head groups and the
shell consists of the AOT tails (as visualized in Fig. 1),

Ho= [4”(”6 - PJR?(MQQ—RRC)) 3)
* 47T(p5_pm)(RC
3 ]I[Q(R—C+d)]>]2
+d)( O(R, +d) : (4)

where j; denotes the spherical Bessel function of first order.
Suffixes c, s, and m stand for core, shell, and matrix, respec-
tively. For the fitting procedure p. of D,O and p,, of the
deuterated oil were fixed to the theoretical values. The co-
herent scattering length density p, of the AOT tails (shell)
was allowed to vary between the calculated value and p,, as
the oil is known to penetrate between the AOT tails. The
droplet size polydispersity p,

(R = (R.)’

/

= 5

p &) ()
is accounted for by using in Eq. (1) a form factor (F(Q))
averaged over Schultz-Zimm distributed radii [25]. The fac-
torization of F(Q) and S(Q) [Eq. (1)] strictly holds only for a
system of monodisperse scatterers [26]. The effect on poly-
dispersity on S(Q) is, in Eq. (1), neglected. We used a struc-
ture factor S(Q) for a hard sphere fluid with a narrow attrac-
tive well. In this model a perturbation parameter € is defined
as the ratio of the width of the attractive well to the total
particle radius (hard sphere radius plus attractive well)
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[27,28]. We have fixed € to 0.05 and only the stickiness
parameter 7 was varied by the fitting procedure. The model
curves are convoluted with the known instrumental reso-
lution; this affects mainly the determination of the polydis-
persity [29]. Scattering curves were analyzed using the NIST
package for analysis of SANS and USANS (ultrasmall-angle
neutron scattering) data [30]. We want to underline that we
fit the absolute normalized intensity. In Eq. (1) the droplet
number density » is calculated with the droplet volume frac-
tion ¢ and droplet volume V,=4/3m(R.+d)> as

In principle ¢ is a known parameter defined by the sample
composition. We nevertheless had to treat it as free fitting
parameter, as ¢ depends sensitively on the absolute normal-
ization of the intensity which is known to be only possible
within an error of about 10% for SANS. Moreover the trans-
missions, needed for the normalization, have only been mea-
sured around room temperature. Fitting results for ¢ around
room temperature were reasonably close (within 10%-20%)
to the real prepared ¢=0.2.

C. Neutron spin echo
Technical

Neutron spin echo (NSE) directly measures the normal-
ized intermediate scattering function S(Q,1)/S(Q) (after res-
olution correction) with the Fourier time ¢,

Him?
=2 o\
2h

(7)

with N\ being the neutron wavelength, H/ being the magnetic
field integral, & being the Planck constant, y denotes the
neutron gyromagnetic ratio, and m being the neutron mass
(see elsewhere for a detailed explanation [31,32]).

The NSE experiments have been carried out at the spin-
echo spectrometer IN15 at the ILL. The following configu-
rations were used: a neutron wavelength A=6.3 A (10 A)
and scattering angles 26=4.7°, 7.7°, 10.7°, and 13.7° (4.7°
and 7.7°) with a resulting Q ranging from 0.065 to
0.314 A™' (0.039-0.094 A1), respectively. The resulting
time window was 0—12 ns (50 ns). NSE decouples resolution
and intensity to the first order; therefore a relatively large
wavelength band of 15% [full width at half maximum
(FWHM)] can be used. Samples were measured in the same
flat aluminum sample holders of 1 mm thickness used for the
SANS measurements. The temperature was controlled by a
standard ILL orange cryostat and at all measured tempera-
tures the sample was equilibrated for at least 1 h. The instru-
mental resolution was obtained by measuring graphite which
is a coherent elastic scatterer. Resolution corrections were
then simply carried out by dividing all sample spectra with
the appropriate resolution measurement. All spectra were
corrected for background scattering from the pure solvent
and the sample holder. The detector is a 32X 32 pixel *He
multidetector located at a distance of 4.6 m from the sample.
The multidetector signal was subgrouped into two to nine Q
values per scattering angle 26.

PHYSICAL REVIEW E 79, 031404 (2009)

TABLE IV. Summary of the temperature averaged fitting results
for 20 vol % AOT reverse micelles dispersed in toluene-d8 (sample
5) and decane-d22 (sample 6). R, denotes the core radius (AOT
head), d is the shell thickness (AOT tail), p, is the coherent scatter-
ing length density of the shell, and p is the polydispersity.

R, d Ps p

Sample (A) (A) (107 A2) (%)
5 2.1+0.1 13.1+0.1 1.120.2 8.8+0.2
6 2.7+0.1 13.3£0.3 -0.1+0.2 9.8+0.1

III. MICELLE STRUCTURE

In the following we discuss SANS results for reverse wa-
ter swollen micelles with a constant volume fraction ¢=0.2
and molar ratio 3= w=12 from room temperature down to
T=220 K. For comparison we also studied pure reverse
AOT micelles in deuterated oil. All investigated sample com-
positions are listed in Table II. Fitting results for AOT re-
verse micelles and microemulsion are shown in Tables IV
and V, respectively. We describe the observation of a droplet
instability, compare this to earlier studies of the freezing of
confined water [18], and discuss the cooling-heating hyster-
esis.

A. Results and discussion

1. Structural behavior upon cooling

Figure 2 shows three representative spectra of sample 3 at
temperatures of 7=297, 250, and 230 K. For clarity curves

TABLE V. Fit results for microemulsion samples. R, denotes the
core radius, d is the shell thickness (AOT tail), and p is the poly-
dispersity. Errors of the parameters are estimated to be AR.~Ad
=0.4 A and Ap=0.3%.

Re d P
Sample (A) (A) (%)
T=(280*1) K
1 19.2 11.0 17.1
2 9.7 11.7 13.1
3 11.9 12.4 16.3
4 6.8 12.5 12.2
T=(260%+1) K
1 19.3 11.7 17.4
2 9.7 12.1 13.3
3 12.0 12.6 16.8
4 6.9 12.8 12.1
T=(230*+1) K
1 6.4 13.0 10.2
2 7.7 124 13.1
3 5.4 11.1 10.1
4 6.4 12.5 134
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FIG. 2. Scattering from sample 3 (D,0/AOT/toluene-d8, ¢
=0.2, »=38) at three different temperatures. Solid lines are fits to the
described form factor plus structure factor model. For clarity curves
are shifted vertically by a factor shown close to the right axis. With
decreasing temperature the micelles decrease in size (shown by ar-
row, see text for further explanations). Error bars are smaller than
the symbols.

are vertically shifted by factors indicated close to the right
axis. Solid lines are fits to the model explained in Sec. II B 2.
The above mentioned core-shell model describes all data
very well over the whole investigated temperature range. The
reverse micellar structure seems to be preserved, only the
size of the droplet changes. With decreasing temperature the
droplet size shrinks which is revealed by a clear shift of the
form factor minimum to higher Q as emphasized by the ar-
row in Fig. 2. From the fitting we obtain the following pa-
rameters: the core radius R, the thickness d of the shell
formed by the AOT tails, and the droplet size polydispersity
p. As we work with a moderate droplet volume fraction ¢
=0.2 we do not see a strong effect of droplet interactions
which would reveal itself by a structure factor peak at low
scattering vector Q. Nevertheless the inclusion of a sticky
hard sphere structure factor led to a significant increase in the
fit quality at low Q as our model describes the scattering
intensity in absolute units. A slight increase or decrease in
the absolute intensity essentially at smaller Q is caused by
droplet interactions. We found that the inclusion of the struc-
ture factor did not have a significant effect on the form factor
parameters. Due to the rather flat structure factor we think
that no unambiguous conclusions can be drawn from the
fitting parameters of the structure factor without further ex-
periments under variation in ¢. We therefore do not further
discuss the structure factor parameters (stickiness 7 and per-
turbation parameter €) in this context. Our main interest is
the confinement size as defined by the droplet core radius R,
with changing temperature. In Fig. 3 R, of all investigated
samples is plotted as a function of temperature. It can be seen
that the initial R. remains unchanged with decreasing tem-
perature even below the freezing point of bulk deuterated
water. At a well defined temperature 7 the radii R, abruptly
start to decrease and then tend to a plateau value at low
temperatures. We determined 7 as the temperature where the
droplet core radius R, drops 0.3 A below the high tempera-
ture average radius. Whereas the temperature 7, and the ki-
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FIG. 3. Core radii of water swollen micelles as a function of
temperature. Sample names as introduced in Table II are written
above each curve. Error bars are smaller than the symbols.

netics of shrinking (slope of the curve) depend on the sample
composition, R, seems to converge to the same low tempera-
ture R, for all compositions. For all samples investigated we
observe a remaining finite core radius of about R,~5-6 A.
The temperature T is found to be a function of the molar
ratio w. The smaller the w is and hence the smaller the initial
droplets are, the lower the temperature T is down to which
the droplet size remains stable. The shrinking of the droplets
below T is probably caused by water expulsion as investi-
gated in detail by [33].

2. Relation between droplet instability and freezing behavior
of confined water

Recently we investigated the freezing behavior of water
confined in reverse AOT micelles [18]. Elastic scans on neu-
tron BS showed that the freezing point of the confined water
is depressed. It was found that the supercooling depends on
the size of the micelles: the smaller the micelles are, the
lower the freezing temperature of the enclosed water is. An
interesting question is now if and how the structural instabil-
ity of the reverse micelles relates to the freezing behavior of
the water confined in the micelles. We define the supercool-
ing ATgg as determined by BS to be:

ATBS: Tf_ T? (8)

with T and T; being the freezing temperatures of bulk and
confined water, respectively. This quantity is compared to
ATsanss

ATsans =T, =T )

being the difference between the freezing temperature 7, of
deuterated water and the shrinking temperature 7 of the
droplets as observed in Fig. 3. In Fig. 4 we plot AT from
both experimental methods as a function of the droplet core
radius R... Hollow symbols are BS results and full symbols
are SANS results. It turns out that both data sets for AT
follow the same functional dependency on the radius R.. We
again want to underline that Fig. 4 compares structural find-
ings and thus a static characteristic of the system (ATgans)
with a dynamic observable (ATgg). In this context it has to
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FIG. 4. (Color online) Supercooling AT as a function of micelle
core radius R.. Hollow symbols are results from elastic scans on
backscattering [18]; full symbols correspond to SANS. Solid line
shows the Gibbs-Thomson dependency [Eq. (10)] with the theoret-
ical constant Kqr=524 KA.

be mentioned that cooling rates for BS experiments were in
the order of 0.3—-0.5 K/min, thus very similar to those applied
for the SANS experiments. The main experimental differ-
ence is the thickness of sample holders which was ten times
thinner in the case of BS (0.1 mm). If we assume that the ice
formation occurs inside the droplets by the mechanism of
homogenous nucleation then we can relate the supercooling
to the confining radius R,. Freezing of the water should only
be possible at the temperature where the critical radius of an
ice nuclei gets smaller than the radius R, of the water core.
Note that the size of the critical nucleus depends on tempera-
ture. The supercooling AT can now be expressed as a func-
tion of the droplet radius R, [34],

ar~ 20T _ Kor (10)
pleRc Rc

with Ly and 7y, being the heat of fusion and surface tension
between liquid water and ice, respectively, and p being the
density of water. Equation (10) is known as the Gibbs-
Thomson equation and it predicts the supercooling AT to be
inversely proportional to the radius R.. Inserting the values
for y, and L of water at its bulk freeizing temperature T, we
estimate the constant Kgp=524 K A [34] (and references
therein). The solid line in Fig. 4 is a plot of the Gibbs-
Thomson dependency without any adjustable parameter. The
supercooling ATgg for radii R,>10 A is reasonably well
described by that relationship, although the use of Kt can
only be a rough estimation since it does not take into account
the temperature dependence of the involved constants. Re-
cently it was shown that the melting point depression of
water confined in mesoporous silica follows Eq. (10) when
taking into account a layer of nonfreezable water close to the
walls [34]. Hard and soft confinements thus seem to have
similar effects on water freezing. We will restrict ourselves to
this qualitative discussion of ATgg as the error bars and the
number of our data points does not allow to deduce further
information about a surface layer by fitting. For a detailed
discussion of the effect of dissolved AOT Na* counterions on
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FIG. 5. Scattering from 20 vol % AOT reverse micelles dis-
persed in toluene-d8 (@, sample 5, T=278 K) and decane-d22 (O:
sample 6, T=283 K, shifted by a factor 2). Error bars are smaller
than the symbols. Solid lines are fits to a core-shell form factor
combined with structure factor (see Sec. II B 2).

the water freezing we refer to our previous work [18]. There
we showed that the observed supercooling of the water is not
explainable by dissolved foreign particles.

3. Remaining water core radius at low temperatures

For comparison with the shrunken water filled reverse mi-
celles we studied as well pure reverse AOT micelles.
Samples with an AOT volume fraction ¢=0.2 in two differ-
ent oils (toluene-d8 or n-decane-d22; see Table II) were in-
vestigated between 7=290 and 260 K. Figure 5 shows two
representative spectra at 7=~280 K. The data were fitted
with a core-shell model for the form factor combined with a
sticky hard sphere structure factor as explained in Sec.
I B 2. The scattering length density of the core, composed of
AOT heads, and the solvent (toluene-d8 or n-decane-d22)
were fixed to the theoretical values. The scattering length
density p, of the shell composed of the AOT chains was
allowed to vary between the calculated value and p,, oil as
the oil is expected to interpenetrate between the chains. Table
IV lists the temperature averaged fit results and Fig. 6 dis-
plays their variation with temperature. For the head group we
find a thickness of about 2.5 A, which compares well with
values found by others [5,35]. The thickness of the shell
composed of the AOT chains seems to increase slightly with
cooling starting at d=13 A at 7=290 K. This can be ex-
plained by the hydrocarbon chains becoming stiffer with de-
creasing temperature. The average distance between the
chains is determined by competition between van der Waals
attraction and steric (entropic nature) repulsion. The former
is less sensitive to temperature, whereas the latter decreases
upon cooling (chain fluctuations responsible for steric repul-
sion are weaker for more rigid chains). Upon cooling the
average interchain distance thus becomes smaller and the
shell becomes less penetrable. This is also reflected by the
decreasing scattering length density p, of the shell. The
higher absolute value for the scattering length density p, of
the AOT chains in toluene is due to the better penetration of
the chains by the smaller toluene molecule [36]. The size of
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FIG. 6. Fitting parameters for AOT reverse micelles dispersed in
toluene-d8 (@, sample 5) and decane-d22 (O: sample 6). Core ra-
dius R, polydispersity p, shell thickness d, and scattering length
density p, of the shell.

the micelles (R,+d)=~15 A (core and shell) lies close to the
values published for the linear length of the AOT molecule
of 12 A. These findings compare well with results from DLS
experiments on AOT micelles in iso-octane which showed a
temperature independent micelle radius of 15 A between T
=250 and 370 K [12] and SANS measurements finding the
length of AOT to be about 16 A [37]. In both oils the mi-
celles are very monodisperse: over the whole investigated
temperature range we find a polydispersity in size of p
=9%—10%. Very recently frozen solutions of AOT/n-
heptane have been investigated by small angle x-ray scatter-
ing (SAXS) [38]. These authors conclude that while at T
=77 K the reverse micelle structure is maintained and the
micelles undergo a clustering process. The published value
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of around 10 A for the radius of the core consisting of the
head groups disagrees with our results. Our findings are con-
sistent with the established dimensions of AOT.

Turning now to the water swollen reverse micelles we
want to know if the shrunken micelles at low temperature
still contain water. All investigated microemulsion composi-
tions agree in showing a remaining core radius of more than
5 A even at the lowest temperatures 7=220 K. Due to the
similar scattering length densities p of D,O and AOT-head
groups we cannot distinguish between them by means of
SANS. The core radius determined for the water swollen
micelles is thus composed of both. Only the direct compari-
son with the size of the AOT-head group as identified by
measuring the pure AOT micelles under the same conditions
allows us to draw conclusions on the amount of remaining
water. By subtracting 2.7 A, the maximum value determined
for the size of the AOT-head group, we know that a mini-
mum water core of more than 2.3 A survives after the
shrinking of the droplets. This value corresponds approxi-
mately to a number of 2 water molecules per AOT [35] and
confirms the previously discussed observations of two to
four unfreezable water molecules per AOT [19].

4. Reversibility upon heating

We tested the reversibility of the observed structural
changes upon heating for samples 3 and 4. After 15 min of
equilibrating at the lowest temperature the samples were
heated back to 7=290 K with a heating rate of 0.5 K/min.
The data were analyzed as explained in Sec. II B 2. In Fig. 7
the obtained form factor fitting parameters for cooling and
heating are compared for both samples. Full symbols repre-
sent cooling results and hollow symbols represent heating
results as a function of temperature. Results for samples 3
and 4 are shown on top and bottom of the figure, respec-

i = R =

d (A)

4t 1 | 1 | 1 | i

[ ' [ ' [ ' [ '
12 —
10— —
< <
n:°8_ el
6_

220 240 260 280
T (K)

T (K)

FIG. 7. (Color online) Sample 4 (figures in first line) and sample 3 (figures in second line): radius R, shell thickness d, and polydispersity
p upon cooling (full symbols) and heating (hollow symbols). Cooling and heating rates: 0.5 K/min. Note the hysteresis: cooling and heating

curves are in good agreement only above 7=275 K.
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tively. For both samples we find that structures upon heating
and cooling are different. They become similar only for tem-
peratures above 7=270 K only. Form factor fitting param-
eters that describe the structure show a pronounced hyster-
esis.

Core radius R,.. Discussing the parameters in the order
they are shown in Fig. 7 we will start with the core radius. R,
falls back on its starting value after the cooling and heating
cycles for sample 4; in the case of sample 3 the final radius
lies about 1 A below the initial value. Another important
finding is that for both samples the droplets grow upon heat-
ing already from the lowest temperatures on. This means that
far below the freezing point of bulk water the droplets rap-
idly incorporate the water that was ejected in the cooling
scan. This is in contrast to observations by Simorellis et al.
[33] who reported a much slower water uptake correspond-
ing to w=1/day when the samples are not agitated which
was also the case in our experiment. However, these results
cannot be compared directly to ours as a different oil was
used and the sample holder geometry can probably have an
impact on the kinetic behavior of the samples.

AOT shell thickness d. For both droplet sizes cooling
leads first to a small increase in the shell thickness d. As
discussed in Sec. III A 3 this reflects the increasing rigidity
of the hydrocarbon tails with decreasing temperature. Ex-
actly at the temperature where we observe the shrinking of
the droplet radius R, the shell thickness d abruptly decreases
for both samples. This finding may suggest that the hydro-
phobic AOT tails collapse when water is expelled. Upon
heating the AOT tails continuously stretch out again until
they reach their initial size around 7=275 K. Some influ-
ence of a change in scattering length density cannot be ex-
cluded either. Above T=275 K heating and cooling curves
lie on top of each other.

Size polydispersity p. The last parameter shown is the
polydispersity p of the radius R.. In unison both samples
show upon cooling a constant p down to roughly the respec-
tive shrinking temperature 7,. There we observe a sudden
increase in the polydispersity p. This peak in p may be the
signature of a system consisting of bigger and smaller drop-
lets. Whereas R, shows that the mean droplet radius R, de-
creases from T on, the analysis of p reveals the coexistence
of different sized droplets at the temperature range of transi-
tion from big to small droplets. Upon further cooling the
polydispersity falls down to p~10% at the lowest investi-
gated temperature. This value is still slightly bigger than the
previously discussed polydispersity p = 9% of pure AOT mi-
celles dispersed in toluene-d8 shown in Fig. 6. Heating the
samples up leads to a continuous increase in the polydisper-
sity and again the values observed for p while cooling are
reproduced above 275 K. Note that except for the slightly
smaller final radius of sample 3 all other parameters fall back
on the starting values after the cooling-heating cycle.

IV. MICELLE SHELL FLUCTUATIONS AND DIFFUSION

Up to now we only discussed the static (time-averaged)
structure of the microemulsion as seen by the SANS snap-
shots. Over time microemulsion droplets continuously fluc-
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FIG. 8. Normalized intermediate scattering function
S(Q,1)/S(Q) at T=265 K. Scattering vectors Q are indicated next
to symbols. Solid lines are fits to a single exponential function.

tuate around their mean shape and they diffuse in the sur-
rounding oil. These thermal activated small fluctuations
around a time-averaged mean spherical droplet form can be
expressed by an expansion into spherical harmonics [21].
The dimensionless amplitudes and relaxation rates of the de-
formations can be derived (besides the diffusion constant of
the whole droplet) from the time constants measured by
NSE. From these parameters, together with structural infor-
mation obtained by SANS, the bending elasticity « of the
AOT shell can be accessed. Typically values below «
=0.1kzT are found to result in microemulsion instability.
Therefore the above described droplet shrinking at low tem-
peratures motivates us to search for a possible relation be-
tween the bending elasticity and droplet instability. Droplet
microemulsions have extensively been studied by NSE
[39-41] and especially water swollen AOT micelles with va-
riety of different surrounding oils and molar ratios @ have
been subject of a number of investigations [41-45]. Pub-
lished values for x in water/AOT/oil systems range from
0.2kgT to several k,T as summarized, e.g., in [42]. To our
knowledge no such investigations were reported for low tem-
peratures (T<<270 K) and none for toluene as oil. For the
investigation of the relationship between the bending elastic-
ity « of the AOT shell and the structural stability of the
droplets one sample composition was  chosen:
AOT/D,0/toluene-d8 with w=8 and ¢=0.1. The SANS ex-
periments showed that for this composition the initial core
radius R,=12 A is stable down to T,=~255 K. For the NSE
experiment we thus varied the temperature between 7=300
and 250 K to cover the range where the shrinking of the
droplets does occur.

A. Results and discussion

In Fig. 8 normalized intermediate scattering functions
S(Q,1)/S(Q) for the microemulsion at a temperature of T
=265 K are shown for a selection of scattering vectors Q.
By fitting the intermediate scattering function to a single
exponential we obtain an effective diffusion coefficient D,
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FIG. 9. (Color online) Effective diffusion coefficient D as ob-
tained by fitting the NSE curves to a single exponential [Eq. (11)].
Solid lines are fits to Eq. (12). Note that no maximum around Q
=0.14 A" is observed at the lowest temperature 7=250 K.

S@.0)
S(0) = exp[- De(Q)071], (11)

where D contains the Q-independent translational diffusion
coefficient D, and a Q-dependent term D4(Q) representing
the droplet shape fluctuations [46],

De(Q) = Dy + Dye( Q). (12)

_ L SN(ml)F(R)
0* {4 mljo(QR) T} - 5(|uy| Y F(QR)

D et (13)

with
F(OR) =[4j,(OR) - ORj;(OR)T*. (14)

Here the small droplet fluctuations around a time-averaged
spherical shell are described by an expansion in spherical
harmonics up to the mode /=2. j; denotes the /th spherical
Bessel function, A, denotes the relaxation rate, and (|u2|2>
denotes the mean squared amplitude of the /=2 mode. Solid
lines in Fig. 8 are fits to a single exponential in order to
extract the previously discussed effective diffusion coeffi-
cient D.g. Note that the single exponential function describes
our data in an adequate way. The thereby extracted effective
diffusion coefficients D for the microemulsion droplets are
shown in Fig. 9 as a function of the scattering vector Q.
From top to bottom the temperature varies from 7=300 to
250 K. Indeed we observe a clear maximum of Dy around
0=0.14 A~ for all temperatures except =250 K. Let us
here recall that for the studied composition the shrinking of
the droplets was observed around 255 K. For all tempera-
tures above 255 K the sample thus consists of droplets dis-
persed in toluene with a core radius R,=12 A whereas at
250 K the water core is diminished to 6-7 A. Adding on
that the thickness d of the AOT shell the total core radius
(R.+d) changes from 25 to 19 A. The solid lines in Fig. 9
are fits to the Q dependence of D as described by Eq. (12).
The resulting parameters of the fit versus the temperature are
displayed in Fig. 10. It should be mentioned that when using
Eq. (12) for the description of the shell fluctuations we ne-
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FIG. 10. Temperature dependencies of fitting parameters of Eq.
(12). (a) Mean droplet radius R, (b) dimensionless fluctuation am-
plitude (Ju,|?), (c) translational diffusion coefficient Dy, the line is a
fit to Eq. (15), and (d) relaxation rate \, of second order oscillation.

glect the higher order deformations />2. This can explain
the small discrepancies between the model and Dy for O
>02 A-1.

Droplet radius. The location of the maximum Q,,,, of D
is determined by the mean radius R of the fluctuating shell.
In Fig. 9 it can be seen already with the naked eye that this
maximum slightly shifts between the different temperatures.
Figure 10(a) displays the fitting results for R as a function of
temperature. Below 280 K the radius seems to increase of
about 1 A from R,=22.2 to 23.1 A. Due to the relatively
large errors we do not attach too much importance to these
small changes, though we note that also the SANS experi-
ments show that the thickness of the AOT shell (thus also the
total radius) increases slightly with decreasing temperature.
But contrary to the NSE results the SANS results show a
continuous variation with temperature and much smaller
relative errors. The absolute value for the NSE radius of
about 22-23 A is in good agreement with the 25 A ob-
served by SANS.

Diffusion coefficient D,,. The level of D at small Q gives
the translational diffusion coefficient Dy, [Fig. 10(c)]. D,, can
be related by the modified Stokes-Einstein equation to a hy-
drodynamic radius R), of the diffusing droplet [47],

kT 7.+ n
2mwnR, 37, + 27,

Dy=(1-¢) (15)
where ¢ denotes the volume fraction of droplets and 7, and
n,, denote the temperature-dependent viscosities of
toluene-d8 and heavy water, respectively. The viscosity 7, of
deuterated toluene in the temperature range of interest was
assumed to be similar to that of protonated toluene as given
in [48]; 7, of heavy water was calculated from the viscosity
of protonated water found in [49] with the formula given in
[50]. From the SANS experiments we know that neither the
geometrical radius nor the interactions of the droplets signifi-
cantly change with temperature (above 255 K). The variation
in D, with temperature should then be completely contained
in the temperature dependence of the toluene and water vis-
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cosities 7, and 7,, and the only free parameter in Eq. (15) is
R;,. In effect the absolute value of D, can for all temperatures
above 255 K be expressed in an excellent way by the modi-
fied Stokes-Einstein equation and a constant temperature in-
dependent R, of 33 A, shown by the solid line in Fig. 10(c).
The deduced R, is about 1.3 times larger than the geometri-
cal radius (R.+d) of the droplets determined by SANS. A
hydrodynamic radius R), bigger than the geometrical radius
has been observed in many different micelle systems and is
explained by a shell of solvent molecules that moves along
with the diffusing droplet [51]. Turning our attention now to
the behavior of D at 250 K shown in Fig. 9 we remark that
the effective diffusion coefficient D is rather Q indepen-
dent and flat. At first glance it is surprising to see that despite
the higher viscosity of toluene at 7=250 K the D is bigger
than at 265 K. We estimate the translational diffusion coef-
ficient D, at T=250 K by Eq. (15) taking into account the
hydrodynamic radius of about 1.3 times the total geometrical
radius R, ~1.3(R.+d)=24 A and the droplet volume frac-
tion that is due to the water expulsion reduced to ¢=0.08.
We get D,=6.7 A2/ns which is about the level we observe.
Shell fluctuations for droplets of this size should be best
visible around 0=0.19 A where within the errors we do not
see maximum in Dy This might be due to the fact that the
core is reduced to the AOT-head groups and about two water
molecules per AOT why the amplitude of the fluctuations is
supposed to be very small. D at 250 K is therefore mainly
given by the Q independent D,. The findings for the trans-
lational diffusion of the droplets (NSE) confirm the structural
results (SANS) in the investigated temperature range.

Bending elasticity k. The nature of the fluctuations are
contained in the dimensionless mean squared amplitude
(Juy|?) and the decay rate \,. The variation in these two pa-
rameters with temperature is shown in Figs. 10(b) and 10(d).
The bending elasticity x« can now be estimated from the
polydispersity p measured by SANS, the radius R measured
by SANS, and the \, measured by NSE [52,53],

1 (kLT 3237;w+3277,>

=— 16
K p— 3 (16)

48 ?
Figure 11 displays the bending elasticity « as a function of
temperature. For the whole investigated temperature range
we find a constant bending elasticity «=(0.31%0.06)kT.
Even though we have observed by SANS that the droplet
instability for this sample composition occurred around T
=255 K when approaching T, the bending elasticity does not
decrease. Thus we conclude that our experimental findings
do not allow to relate the AOT membrane elasticity to the
low temperature structural instability of the droplets. The
absolute value of x=0.3kzT compares very well with the
previous studies on AOT reverse water swollen micelles in
other oils than toluene [42].

V. CONCLUSIONS

The structure of the ternary microemulsion consisting of
AOT, D,0, and toluene-d8 (or heptane-d16) was investi-
gated by means of SANS between 7=290 and 220 K. At a
constant droplet volume fraction of ¢$=0.2 we varied the
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FIG. 11. Temperature dependence of bending elasticity « of the
AOT shell calculated after Eq. (16). Dotted line shows the average
bending elasticity k=(0.31x0.06)ksT.

molar ratio of surfactant to water w between 3 and 12. At
room temperature this mixture forms spherical water droplets
surrounded by a monolayer of AOT dispersed in the continu-
ous oil matrix with a core radius R, proportional to w. We
found this droplet structure to be stable down to temperatures
far below the freezing point of bulk water. The smaller the w
is, the lower the phase transition temperature is. For the
smallest water swollen reverse micelles with w=3 (R,
=7 A) the droplets were stable down to 7=232 K. At an
w-dependent temperature 7, we observed the shrinking of the
droplets. The difference AT between the bulk freezing point
Ty of deuterated water and the shrinking temperature T, was
inversely proportional to the micelle radius R.. Hence it fol-
lowed the same dependency as the supercooling of water
confined in reverse micelles determined earlier by means of
neutron BS [18]. Going to even lower temperatures we ob-
served a constant remaining water core whose size seemed to
be independent of the initial droplet water loading. A direct
comparison with SANS spectra from pure AOT reverse mi-
celles dispersed in toluene-d8 allowed us to determine the
amount of remaining (probably unfreezable) water to be
about 2 water molecules per AOT molecule (w=2). For two
samples we monitored the droplet structure upon heating
back to room temperature. We showed that the structural
changes observed upon cooling are fully reversible and that a
continuous water uptake takes place from the lowest tem-
peratures on. For one composition with an initial core radius
R.=18 A (AOT/D,O/toluene-d8, ¢=0.1, w=8) we used
NSE to investigate the shell fluctuations from room tempera-
ture down to a temperature below the point 7, where the
shrinking of these droplets was observed beforehand. Con-
firming the SANS results we found a constant hydrodynamic
radius of about 1.3 times the geometrical radius (R.+d) for
all temperatures above 7T,. Below T the translational diffu-
sion coefficient corresponded to the size of the shrunken
droplets. Analyzing the shell fluctuations we observed a re-
laxation rate A, which increases with temperature. Neverthe-
less following the model proposed by Kawabata et al. [46]
for the determination of the AOT film bending elasticity «
we did not see a variation with temperature. Contrary to
results for water swollen AOT micelles in decane where the
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shell became more floppy (corresponding to a decreasing k)
with increasing temperature [54] our data analysis yielded a
constant bending elasticity of k=~0.3kgT over the whole in-
vestigated temperature range where the droplets are stable.
From our experimental results no relation between the drop-
let instability at 7, and the bending elasticity « can be in-
ferred. We conclude that this ternary water-in-oil droplet mi-
croemulsion can be an appropriate model system for the
study of confined water over a large temperature range. It
allows us to vary the size of the soft confinement: rather
monodisperse droplets with water core radii ranging from a
few angstroms to several nanometers can be obtained. No
significant change in the AOT shell elasticity can be experi-
mentally observed with temperature and thus the stiffness of
the water enclosing membrane does not vary in a detectable

PHYSICAL REVIEW E 79, 031404 (2009)

way which simplifies the interpretation of water investiga-
tions. This now well characterized system has a large poten-
tial to advance the understanding of the nature of water in
soft confinement with many implications also for biological
systems. Inelastic neutron scattering experiments to elucidate
the dynamical behavior of supercooled water in reverse mi-
celles are in progress [43].
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