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Abstract. We report on a small angle neutron scattering (SANS) study of a temperature driven
first order phase transition in a 25wt% solution of the surfactant AOT (Sodium Di-2-ethylhexyl
Sulfosuccinate) in 1.5wt% heavy brine between an isotropic L; “sponge” state at 27°C and a
stacked lamellar L, monophase 55°C. The prominent scattering features of these phases are
correlation peaks due to the mean passage size of the L; sponge and the L, stacking separation.
This ratio of the monophase peak positions Q,/Q;=~1.3, is consistent with previous observations
in this and similar systems. In the present study we tracked this system through the
intermediate L; +L,, biphasic miscibility gap. There the initial appearance of the L, peak at
33.25°C was at a scattering vector some 23% higher than the final high temperature
monophase value. During coexistence both L; and L, phase peak positions decreased linearly
with increasing temperature maintaining a roughly constant ratio Q,/Q; ~1.6-1.7. Two phase
fits to the scattering data and application of scaling law predictions allow us to obtain local L;
phase volume fractions in the biphasic region and make preliminary determinations of the
structural accomodations necessitated by phase coexistence in this system’s miscibility gap.

1. AOT membrane phases and scaling laws

AOT (Sodium Di-2-ethylhexyl Sulfosuccinate) is a double tailed anionic surfactant which displays a
variety of self-assembled mesophases in aqueous solution[1]. Over a range of concentrations and
temperatures in brine solution AOT molecules sell-assemble into bilayer membranes with the
surfactants headgroup on the exterior shielding the hydrophobic tails from the solvent. Among the
mesophases that may be formed by arrangement of these membranes are the familiar anisotropic L,
lamellar phase in which membranes are ordered as separated stacks and the isotropic L; bicontinuous
“sponge” phase in which the membranes are connected by random passages to form an isotropic
network that spans the solution[2]. These topological differences result in distinct material properties:
L, phases are relatively viscous and optically birefringent, while L; phases are free flowing and
optically inactive. In small angle neutron and x-ray scattering (SANS and SAXS) measurements the
L, phase gives rise to sharp quasi-Bragg scattering peak due to the stacking separation, while for L; a
broader correlation peak characteristic of the mean passage size is observed. These morphologies are
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often found adjacent to one another in the phase diagram, with the phase behavior being driven by the
intrinsic curvature of the bilayer, which may vary with temperature (as in the current case), pressure,
membrane or solvent composition.

Over a broad range of dilution these phases follow a “sheet” scaling equation where the membrane
volume fraction ¢ is proportional to the membrane thickness d divided by the characterstic length scale
of the structure d, to a constant of proportionality C depending on their morphology. For rigid flat
membranes stacked with period d we can see from Figure 1 that C=1. Surfactant bilayers are not
totally rigid, so ripples diminish the projected area normal to stacking and membranes are more distant
for a given ¢ so C is a little greater than unity. Similarly the L; phase may be considered as a distorted
version of the Shwartz “P” regular cubic structure which has a constant negative Gaussian sheet
curvature. For this structure with d as the passage width a value C=1.486 has been estimated
numerically[3]. For sponge phases the width of their scattering correlation peak indicates a greater
variation of local curvature and passage size so we may expect C to be somewhat greater than 1.5.
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Figure 1. Membrane morphology and sheet equation coefficent of proportionality.

2. Scattering measurements over the L; to L, phase transition miscibilty gap
In this paper we briefly report on a small angle neutron scattering (SANS) study of 25wt% solution of
the surfactant AOT in 1.5wt% heavy brine between 27°C and 55°C over which range decreasing
intrinsic curvature of the surfactant bilayer drives the system from an initial L; state to a final L, state.
In an intermediate miscibility gap region microphase regions of the L, phase nucleate within the L;
phase and we find coexistence of the two morphologies. Our measurements were taken on the SAND
time-of-flight (TOF) SANS instrument at the Intense Pulsed Neutron Source (IPNS) at Argonne
National Laboratory (ANL). SANS measurements of 30m duration were taken on a 1mm thick
sample in a quartz cell in 4°C steps (controlled to about 0.1°C), and in finer steps over over the range
~31-34°C where the onset of the transition was expected from observed optical birefringence.

Figure 2(a) shows SANS over the full scattering vector Q range measured (to about 1.0 A™) for the
L; and L, monophases at 27°C and 55°C. At 27°C the broad L; correlation peak at 0=0.062 A
corresponds to a mean passage size of 101 A. At 55°C the narrower quasi-Bragg L, peak at
0=0.079 A™' indicates a membrane stacking separation of 79 A. This ratio of monophase peak
positions and inversely correlation lengths Q,/Q; =d;/d,= 1.27 is consistent with previous
observations in this and similar systems (for instance [4] and [5]). Figure 2(b) shows the evolution of
the scattering in the correlation peak region. As the temperature was increased we observed no
significant change until the biphasic boundary is crossed, signalled in our data by the first detectable
appearance of an L, peak at 33.25°C at 0=0.103 A™' some 23% higher than the final monophase value
at 55°C and indicating an initial L, separation of only 61 A. Both peaks then move to lower Q, with
the L; peak weakening, to become undetectable in our 55°C data, as the L, peak becomes stronger.
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Figure 2. Data and fits for 25wt% AOT in 1.5wt% heavy brine. (a) SANS for 27°C L; and 55°C L,,
monophases. (b) SANS as transition proceeds. (¢) Q;and Q,, peak position versus temperature.

3. Scattering data fitting
Fits to our SANS measurements shown were obtained using the scattering function:
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The first two terms in bracesof the second line capture in an analytic form[6] the number density N,
scattering power (as the square of volume multiplied by the neutron contrast) and form factor (P) of
randomly oriented discoids of membrane of rms radius o, of contrast (tail) thickness #, with and
bilayer surface (headgroup) thickness #, with a rms variation in thickness 9,, which are arranged in
mesophases described by the third term, a structure factor (S). This coherent scattering sits on an
incoherent background I,, (0.19 cm™ from our fits). For measurements on a single sample the first
braced term is a constant scaling parameter. From our fits we found 7,=15.5+0.5 A with 8,, about one
quarter of this thickness ~3.8 A, typical of surfactant membranes[7]. This second form factor term
dominates at higher Q, where we observe a shoulder at Q~0.18 A~ as the scattering changes from ~Q™
behavior characteristic of membrane scattering to the ~Q* dependence of surface scattering (see
Figure 2(a)). This feature and a slight shift to lower Q with increasing temperature was reproduced by
a gradual increase in the form factor disc radius o from 11.0 A at 27°C to 12.7 A at 55°C, as we
might expect going from the highly curved L; to the flatter L, phase.

In our structure factor[8] the L; and L, peaks are modelled as Lorentzians at Q; and Q, with
correlation lengths & and &, The A;/Q is term is intended to fit long range “in-out” scattering
attributed the L; membrane’s division of the solvent volume[9]. This term was adequate to fit the
obvious increase in low Q scattering as the transition proceeds adequately, due perhaps to L, phase
domain formation, over this Q range. Our fits to this series were all averaged over resolution of the
reduced TOF SANS data (see horizontal error bars in Figure 2(a)), which maintains a constant ratio of
variance to Q (i.e. 0,7/0~0.0003 A™") but does not significantly broaden any scattering features[10].
Some parameters obtained from our data series fits are presented in Table 1.

4. Preliminary results and interpretation

Figure 3(a) graphs the variation in L; and L, peak positions Q; and Q, peak positions showing their
linear variation with temperature over the miscibility gap. Extrapolating this variation of Q, to it’s
monophase limit at 55°C we may determine that the upper boundary of L;+L, coexistence ocurrs at
49°C. In the L;+L, region the ratio Q,/Q; gradually increases from 1.61 to 1.71 between 33.25°C and
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the last measurement in this region at 47°C. We note that this is close to the “ground state” value for
0.,/0; we might infer from Section 1. Assuming the scaling relation holds for L; over the biphasic
region, which seems reasonable as the normalized correlation width of the L; structure factor peak is
constant at (§;0;)'~0.30 over it, we may extract the local volume fraction within the L; phase domains,
¢;[T]. This will simply be proportional to 1/d;[T]x<Q;[T]. We present ¢;[T] in Table 1 - normalized to
the L; monophase value at 27°C. In principle this value can be used to determine the “tie-line”
boundaries of L;+L, coexistence versus temperature in the system phase diagram over a range near the
current volume fraction. Another value which may be extracted is the effective “matching angle”
0=sin" (d,/ d;) between the mesophase bilayer periodicities at their microphase boundaries. We see
that this angle is ~37° over the biphasic region in our system. This is rather lower than the ~50-60°
deduced by Quillet er al.[4] for L;+L, coexistence in the CetylPyridinium Chloride/Hexanol
membrane system. It is possible that this difference and the behavior of the biphasic ratio of Q,/Q;
may be due to the greater stiffness of and local curvature constraints on bilayers formed by AOT as a
double tailed surfactant[11].

Table 1. Structure factor fitting parameters and derived local sponge volume fraction and phase
contact angle values obtained from our data for the L; to L, phase transition over the measured range.
The Lorentzian widths of correlation peaks &' and &, have been normalized to peak position values.

T A, B, Qs (505" $:ITl/gsl27°C] B, 0, (500" 0./0; 01°]

[°C] [em'] [em'] [A7] ~Q,[TVQ,127°C] [em™] [A™] =d;/d, =sin'(d,/d;)
27 0.008 3.5 0.062 0.34 1.00 0.0 - - - -
31 0.004 3.5 0.064 0.29 1.02 0.0 - - - -
33.25 0.004 3.5 0.064 0.28 1.02 0.2 0.103 0.05 1.61 38.4
35 0.005 3.2 0.063 0.29 1.00 0.7 0.100  0.057 1.61 384
39 0.006 2.1 0.057 0.28 0.92 1.9 0.094 0.068 1.65 37.3
43 0.009 14 0.053 0.30 0.85 2.6 0.089 0.079 1.68 36.5
47 0.014 0.8 0.049 0.3 0.80 3.3 0.084 0.089 1.71 35.7
55 0.016 0.0 - - - 3.7 0.08 0.099 - -
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