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Small-angle neutron scattering (SANS) studies were performed in order to investigate the structural
properties of the monophasic domain of the Ca(AOT)y/water/decane phase diagram, which shows a consistent
reduction of the microemulsion region as compared to the parent sodium system. Microemulsions of
Ca(AOT)2/D20/decane and Ca(AOT)/HoO/decane-dzs have been studied at 25 °C, for an oil dilution line
at constant [water]/[Ca(AOT)z] = 25.1, as a function of decane concentration and of surfactant volume
fraction, ¢s, in the range 0.0186 < ¢s < 0.0937 for the D20 system, or 0.0249 < ¢s < 0.0886 for the
corresponding decane-dsz system. SANS spectra were analyzed according to a self-consistent method
proposed by Sheu! and support, in analogy to the sodium AOT microemulsion system, the presence of
polydisperse droplets in the diluted region studied, while the system shows a pecolative behavior for higher
concentrations. These droplets have a 21.3 A average radius with polydispersity around 22%. The mean
area per polar head group and the principal geometrical parameters are also reported.

Introduction

Water in oil microemulsions are thermodynamically
stable mixtures of oil, water, and surfactant. They are
formed by water and oil domains separated by a surfactant
monolayer and are isotropic and homogeneous on a
macroscopic scale but heterogeneous on a molecular scale.
These complex fluids have a wide range of applications,
as cell analogues in biotechnology, as lubricants, in the
foods and cosmetic industries, etc.

The sodium salt of the dichained anionic surfactant bis-
(2-ethylhexyl)sulfosuccinate (Aerosol OT or simply NaAOT)
is well-known to form water-in-oil microemulsions in a
wide range of temperatures and compositions. Many
studies on the structure and dynamic of AOT microemul-
sions have been extensively carried out as a function of
several parameters such as surfactant concentration,
temperature, type of 0il,>™* etc. The results provided
significant advances in understanding phase transitions,
critical phenomena, percolation theory, the role of the
interparticle interactions on the structure and dynamics
of colloidal and molecular fluids, and protein, enzyme,
and whole cell solubilization in the confined water pool of
microemulsions.?

It is well-known that electrostatic forces strongly affect
the size and shape of the aggregates. Counterion effects
on microemulsions formed by divalent metal ions aerosol—
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AOT surfactants have been studied and compared to
sodium AOT. The main difference between the binary
system calcium—AQOT/water and the sodium—AOT/water
system is a significant reduction of the extension of the
lamellar (L,) region.®” At 25 °C the monophasic L, phase
occurs at about 13% and 65% (by weight) for NaAOT and
Ca(AOT), respectively. These L, phases are stable up to
about 100 °C for Ca(AOT); and up to 160 °C for NaAOT.
Minor differences in the formation and range of existence
of the bicontinuous cubic V; and reverse hexagonal H,
phases are observed. These findings agree with theoretical
Poisson—Boltzmann and Monte Carlo calculations which
predict substantially smaller interlamellar repulsion with
divalent than with monovalent counterions.? This,inturn,
decreases capability of the Ca(AOT), L,-phase to swell
and to incorporate as much water asin the case of NaAOT.®

Some authors?® studied the M?*(AOT); system for a wide
number of ions, as Co?*, Ni?t, Cu?t, Zn?*, Cd?*, Mg?*, and
Ca?*, showing that counterion identity strongly influences
the shape of the micellar aggregates. The form-factor,
determined by small-angle neutron scattering (SANS) on
the M(AQOT); systems with water to surfactant head group
mole ratio wy = 5, provides evidence of the structural
changes from the simple hard-sphere micelle for Na* and
Ca?*, to rod-shaped cylindrical micelle for Co?*, Ni2*, Cu2*,
and Zn?*, through intermediate shapes for Mg?" and Cd2*
ions.

This work investigates the effects induced on the
microemulsion structure by exchanging Na* with Ca?*.
We compare the Ca(AOT)y,/water/decane system with the
well-known NaAOT/water/decane system,71% with par-
ticular regard to the surfactant diluted region.
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Decane

Ca(AOT),

Figure 1. Phase Diagram of the Ca(AOT)y/D20O/decane mi-
croemulsion system. The NaAOT/Dy0O/decane microemulsion
region (dashed line) is reported for comparison. The oil dilution
line with water-to-surfactant ratio w/s = 25 or water-to-polar
head group ratio [water]/[AOT ] = 12.5 is also reported. The
symbols represent the measured samples.

In particular, the analysis of SANS measurements for
two different sets of samples (D;0/decane and HyO/decane-
ds2) along the same oil dilution line is reported. These
measurements are analyzed according to the self-
consistent method proposed by Sheu,! using a Schultz
distribution to take into account the particle polydisper-
sity. Guinier’s law, modified to include the particle size
distribution, and Porod’s law were also used to obtain the
geometrical parameters as surface area of the surfactant
polar head groups at the interface, surfactant tail length,
and oil penetration into the surfactant corona of the
microemulsion droplet.

Experimental Section

The calcium salt of AOT was prepared by aqueous metathesis
of a saturated solution of Ca(NQOj3)2 (Aldrich AR) with an ethanolic
solution of NaAOT (Sigma). The Ca(AQOT), precipitate was
separated from the aqueous phase by settling and washed
repeatedly with Millipore filtered bidistilled water (conductivity
<1076 Q"1cm™!at 25 °C) until complete disappearance of NO3™~
(determined by the brown ring test) and Na* (atomic adsorption
spectroscopy) ions. The remaining water was eliminated by
freeze-drying. The single-phase region diagram was obtained
studying the phase behavior at 25 °C of samples with oil to
surfactant weight ratio constant by increasing the content of
deuterated water. The Ca(AOT); microemulsion region appears
narrower than that of NaAOT, underlining consistent differences
produced from the exchange of Na' with Ca?" counterion (see
Figure 1).

Sample preparation was carried out using deuterium oxide
(deuterium content >99.99%, Carlo Erba) and n-decane (purum
>99% olefin free, Fluka AG), Millipore filtered bidistilled HoO
and deuterated decane (D atom at 99%, Euriso-top).

SANS measurements have been performed on the PAXE
spectrometer of the Laboratoire Léon Brillouin at Saclay (France)
using a wavelength of 5 A with a wavelength spread, AV/A, less
than 10%. The @ range investigated, for all samples, was 0.01
< @ < 0.36 A1, with a sample to detector distance of 2.3 m.
Samples were contained in 1 mm flat quartz cells at the controlled
temperature of 25 + 0.1 °C. The intensity, corrected for the
empty cell contribution, was normalized to absolute scale by a
known cross section standard.

Results and Discussion

This paper reports preliminary results on the structure
of the Ca(AOT)y/water/decane microemulsion system. All
measurements have been performed at 25 °C for samples

(13) Eastoe, J.; Young, W. K.; Robinson, B. H.; Steytler, D. C. J.
Chem. Soc., Faraday Trans. 1990, 86 (16), 2883.
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along the oil dilution line with [water]/[Ca(AOT);] = 25.1
and surfactant volume fraction 0.0258 < ¢s < 0.0937.

In ordertodefine the thickness of the AOT hydrocarbon
chain, and therefore the oil penetration into the AOT chain,
we have also performed some measurements on the Ca-
(AOT)o/H;0/decane-dgs system with surfactant volume
fraction 0.0249 < ¢g5 < 0.0886.

SANS analysis was performed according Sheu! to
minimize the occurrence of multiple convergence and
consisted of four steps: (1) assumption of a functional
form factor for particle distribution (in our case Schultz
distribution describes very well the particle-size distribu-
tion); (2) calculation of the scattering intensity distribution
function and (3) fitting of the experimental data to extract
polydispersity and structural parameters; (4) calculation
of the average particle—solvent scattering contrast, ac-
cording to the presumed particle distribution function.
This procedure was repeated for different particle con-
centrations and different contrast (D;O or decane-dyy).

For a number N, of monodisperse particles, the nor-
malized SANS intensity, I(@) (cm™!), may be written as

IQ = N (P@) (S@Q) &)

P(Q) is the intraparticle structure factor describing the
normalized angular distribution of the scattering owing
to the size and shape of the particle. S(Q)is the structure
factor which arises from interference effects due to spatial
correlations between particles.

For diluted samples, one can consider that the system
becomes ideal and S(Q) = 1, so that

1Q) = N,(P@)) )

For the case of an isotropic system containing homoge-
neous but polydisperse spherical particles, the form factor
can be written as'*

P@ = [[IF@QR)*fIR)dR 3)
where
F(Q,R) = [3/,(QRVQR] @

F(Q,R), the particle form factor for a sphere of radius R,
depends on the first-order spherical Bessel function j;-
(QR) and flR) is the Schultz distribution function of a
sphere having a radius between R and R + dR.

The probability function, AR), is the two-parameter-
function Schultz distribution

R [(Z T 1)]2“ [_ w]
rz+ul| E exp R

fR) = [ (5)

where R is the mean of the distribution and Z is a width
parameter which is Z > —1, and I'(Z + 1) is the gamma
function. The function tends to a Gaussian form at large
values of Z and the distribution approaches a delta function
at R = R as Z approaches infinity. The root mean square
deviation from the mean is given by

op = (B2 — ROVE = RIZ + D)2 ©)

which is related to the polydispersity of the system.

Therefore, considering a polydisperse particles system,
the form factor P(Q) spherically averaged can be developed
in the Taylor series

(14) Kotlarchyk, M.; Chen, S. H. J. Chem. Phys. 1983, 79 (5), 2461.
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P@) =1— (QR)*5 + ... = exp(—e(QR)*/5) (T)

where the parameter ¢ = [(Z + 8)Z + TYZ + 1)* is
introduced to take into account the polydispersity.

Equation 7 represent the Guinier equation!® corrected
for polydisperse systems. The parameter ¢ assumes values
usually larger than 1, therefore, neglecting polydispersity
(e = 1) can lead to an overestimate of the mean particle
size.

Figure 2 shows the excellent agreement between the
experimental and calculated spectra assuming a Schultz
distribution for polydisperse droplets. A similar agree-
ment was found for all the samples investigated. A good
agreement between the experimental and calculated
spectra was also found using a monodisperse cylindrical
model as form factor (see Figure 2). The data extracted
from the fitting do not show dependence from the
concentration and the average parameters characterizing
the microemulsion system are reported in Table 1. As
stated above, both the spherical Schultz model and
monodisperse cylindrical model can fit the data. However,
the convergence values between calculated and experi-
mental data, 2, for the spherical model are lower than
those obtained by assuming a monodisperse cylindrical
model for the particle form factor. In order to remove
ambiguity on the particle form factor, we calculated the
structural parameter A;, which is independent from
concentration when the size distribution is appropriate.

= (A/C VIV, = (Ap)/k (8)

The A, values, obtained for different surfactant concen-
trations, are independent of the concentration, and the
standard deviation from the average value is around 4%
for polydisperse sphere and around 14% for monodisperse
cylinder (see Figure 3), supporting that the Ca(AOT),
system is formed of polydisperse spherical particles.

In conclusion the Ca(AOT)y/D;O/decane system is
formed of polydisperse spheres of 21.3 A average radius
and 22% polydispersity. The simple Guinier’s analysis,
not corrected for polydispersity, would give 26 A, and 20
A considering polydispersity.

Chen'? derived a semiempirical relationship to calculate
the average water core radius of polydisperse sphere, R,
for the Na(AOT)/D;0O/decane. R can be calculated ac-
cording to the following relationship

_ 3V,
1+ 2R = —a—w wy +— 9
H

where w, = [water)/[surfactant polar head group], V, is
the molar volume of deuterated water, Vi and ay are the
volume and the area of the polar head group of AOT
molecule, and p = (Z + 1)712 is the polydispersity.
Using the geometrical parameters of Ca(AOT); and the
w, value corrected for the critical micelle concentration
(cme) of Ca(AOT); (0.024 mol/dm?) we obtain a radius R
= 21.1 A, in good agreement with the values obtained
using the Shultz distribution and Guinier’s equation.
The analysis of Table 1 shows that the average radius
obtained for Ca(AOT)y/H:O/decane-dz» microemulsion
droplets is 26.5 A with a 20% polydispersity. This value
differs by about 5 A from the corresponding radius of Ca-
(AOT)s/D;0O/decane. It is worthwhile to recall that the
different contrast, due to the exchange of D;O with HyO
and decane with decane-dys, allows detection of different
regions of the microemulsion droplets, i.e., water droplets

(15) Guinier, A.; Fournier, G. Small-angle Scattering of x-ray; J.
Wiley: New York, 1955.
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Figure 2. Experimental (symbols) and calculated (lines) SANS
spectra of Ca(AOT)o/water/decane microemulsions: (@) Ca-
(AOT)y/Ds0/decane; (®) Ca(AOT)y/Ho0O/decane-dy. Data fitting
assuming (a) a spherical form factor with a Schultz polydis-
persity and (b) a monodisperse cylindrical model.

Table 1. Parameters Obtained from the Analysis of
SANS Data Using a Spherical Schultz Distribution and a
Monodisperse Cylindrical Model for the Form Factor of

Ca(AOT)y/Water/Decane Microemulsion Systems: (a)
Ca(AOT)2/D:0/Decane and (b) Ca(AOT)y/H,0/Decane-dzz

(a) (b)

. Spherical Form Factor
volume (A3) 40.7 x 103 85 x 103
background (cm™1) 1.055 0.11
Z . 20 24
radius (A) 21.3 26.5
polydispersity 22% 20%
€ i 1.714 1.587
Ry (Guinier) (A) 19.8 26.6

i Monodisperse Cylinders
volume (A%) 95 x 103 160 x 103
background (cm™1) 1.076 0.136
radius (A) 27.7 33.1
h/diameter 1.26 1.15
h(A) 69.8 76.13

plus AOT polar head groups and water droplets plus AOT
corona, respectively Therefore, the alkyl chain length of
the Ca(AOT); is about 5 A shorter than the extended
AOT chain length, whichis about 8 A. This suggests that
about 3 A of the AOT chain length is penetrated by decane,

while the corresponding Na(AOT) system exhibits alower
oil penetration (1—2 A).*¥ This can be explained by
considering that Ca?* counterion coordinates two AOT~
ions, imposing a larger interfacial curvature as compared

(16) Chen, S.-H.; Lin, T.-L.; Huang, J. S. In Physics of Complex and
Supramolecular Fluids, Safran and Clark, Eds.; Wiley Interscience
Publication: J. Wiley & Sons: New York, 1987.
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Figure 3. Aj values as a function of Ca(AOT)z concentration
(% w/w) for the spherical model with Schultz distribution (®)
and cylindrical model (®). The Aq values fluctuate at about 4%
and 14% around the mean value (continuous line) for spherical
form factor with a Schultz polydispersity and monodisperse
cylindrical form factor, respectively.

to sodium counterion. The stiffness of the AOT corona
decreases, due to the larger oil penetration into the
surfactant layer, leading to higher Ca(AOT); solubility in
decane and probably to different interdroplet interactions.

At large wave vector, typically @ > 0.20 A~1, SANS is
sensitive to the scattering from the interface and the
asymptotic intensity may be analyzed using the model-
independent Porod’s equation!”

1@) = 2m(Ap)’cgZQ" + I(Q)yg (10)

where cg is the surfactant concentration per unit volume
of solution and cs= = S/V is the total interfacial area per
unit volume of the surfactant. This law can be written
in the form:!8

IQ)Q* = 2n(Ap)’csZ + BQ™* (11)

where the term B = I(Q)w, accounts for the incoherent
contribution of the hydrogen atoms of the sample as well
as any incoherent part. The fitting of the experimental
data to the latter relationship allows the calculation of A
=27 (Ap)*csZand B. Once the scattering contrast Ap and
the cs values are known, = can be obtained from A. X is
related to ay, the mean area per AOT~ group at the
interface, via the number density of AOT~, N, corrected
for the cmc value

ay = Z/Ng = (S/V)/Ng (12)

The analysis of Ca(AOT)y/D;0/decane microemulsion
SANS spectra in terms of eqs 11 and 12 gives an area per
polar head group of 116 A%molecule and an aggregation
number of about 50.

(17) Porod, G. Kolloid-Z. 1951, 124, 83.

(18) Auvray, L. Micelles, Membrane, Microemulsions, and Mono-
layers; Gelbart, W. M., Roux, D., Ben-Shaul, A., Eds.; Springer-Verlag:
New York, 1994.
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This result can be compared with the area obtained
from the structural analysis above reported. For a
polydisperse system, the area per polar head group can
be calculated considering that the average surface area
is given by

j:S(R)ﬂR) dR (13)

where flx) is the Schultz distribution (see eq 5) that
accounts for the particle polydispersity. Substitution in
the integral gives
47 R \2
S=|—7A——|TZ +3 14

) F(Z+1)(Z+ 1) ( )] ()

and

WEN|TZ+D 15)

_ @[ 4 Z + 2)R2
The aggregation number, N, can be obtained from the
total volume fraction of the dispersed D;0O and is found
to be about 54. Thus, the area per polar head group
calculated from the structural analysis is ag = 111 A%
molecule, in excellent agreement with that obtained from
Porod analysis (116 A%molecule).

Conclusions

The substitution of Na* with Ca?* produces a consistent
reduction of the microemulsion domain of the phase
diagram of the ternary Ca(AOT)y/D;0/decane system (see
Figure 1). The analysis of the small angle scattering
results shows that, in analogy to the sodium microemulsion
system, the ternary Ca(AOT)y/D;0/decane system is
formed of polydisperse spherical water droplets with an
average radius of 21.3 A and a polydispersity of 22%.

Ca(AOT); microemulsions are formed of smaller drop-
lets, have a lower polydispersity, and have a larger oil
penetration into the AOT alkyl chain than the corre-
sponding Na(AOT) system. This analysis was successfully
performed by using Sheu’s! method, which is one of the
methods for polydisperse analysis with a reasonably good
sensitivity in differentiating various models.

The overall Ca(AOT); microemulsion structural feature
is very similar to that of sodium. Therefore, the variation
of the AOT phase diagram due to the exchange of Na*
with Ca2* and, in particular, the strong reduction of the
isotropic region in the phase diagram should be related
to different interdroplet interactions.
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