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A water in oil microemulsion system composed of water, surfactant, and oil, the latter two components of
perfluoropolyether (PFPE) type, has been studied by small-angle neutron scattering (SANS) with the aim of
knowing the microstructure of the system and to have an insight on the connection between microstructure
characterization and percolation behavior. In fact, along the dilution line W/S = 11 of the phase diagram,
dielectric spectroscopy and conductivity studies revealed a dynamic percolation process taking place
approaching and above the dynamic percolation threshold, leading to a system composed of droplet clusters
with percolation thresholds varying with temperature from a 0.501 volume fraction of the dispersed phase at
9.3 °C to 0.205 at 32.5 °C. The SANS experimental spectra of this work have been studied by modeling the
microemulsion droplets as adhesive hard spheres. For all of the samples, the surfactant area per polar head
has been also measured in the Porod region of the SANS spectra. Geometric and potential parameters as well
as the osmotic pressure, the second virial coefficient, and the distance between droplets have been extracted
from data as a function of droplets concentration. At low concentration, that is, below percolation thresholds,
the droplets behave as hard spheres, whereas at threshold and above, adhesion changes significantly the samples.
In fact, for each temperature, the measured size increases versus concentration from 30 to 50 A, and the area
per polar head decreases correspondingly, suggesting that a process of dynamic fusion of droplets occurs in
the system above threshold, that is, couples of droplets stick and unstick continuously with interdigitation of

the surfactant tails.

1. Introduction

Microemulsion systems composed of water, oil, and ionic or
nonionic surfactants have been thorougly studied during the last
two decades as a prototype of more complex five-component
microemulsions, where the additional presence of cosurfactant
and electrolyte is needed to thermodynamically stabilize the
system. Such ternary microemulsions present a rich phase
diagram as a function of surfactant concentration and temper-
ature. A key parameter determining the phase behavior of such
systems is the balance between the hydrophilicity and the
liophilicity of the surfactant molecule. Around the hydrophile—
lipophile balance temperature (HLB), ternary microemulsions
typically show a so-called 2—3—1 phase evolution as a function
of increasing surfactant concentration.! On the other hand, far
from the HLB, the surfactant film acquires a curvature toward
the water or the oil and two-phase coexistence of a water in oil
(W/O) droplet phase and a water-rich phase, or an oil in water
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droplet phase and an oil-rich phase is observed. Not all ternary
microemulsions follow such a phase progression though. For
example, one of the most studied systems, mixtures of AOT
surfactant, water, and oil, shows a large one-phase region (L2
phase) that has been identified as a water in oil droplet phase.>?
This droplet structure remains stable over a broad range of
droplet volume fractions, extending up to the percolation
threshold, and temperatures, even higher than the critical solution
temperature corresponding to the cloud-point curve.>? Droplet—
droplet interactions have been successfully modeled by means
of the square well attractive/sticky spheres potential and used
to describe static, dynamic,® and electrical as well as mechanical
transport properties.* In particular, an interesting connection
between droplet cluster formation, percolation, and transport
properties has been established. Approaching percolation,
clusters of droplets are formed which grow in size until they
span the sample volume. When this happens, a sudden increase
in the conductivity and viscosity of the system is observed,’
corresponding to formation of conducting channels of droplets
and load-bearing transient networks. One question that remains
open, despite the substantial amount of knowledge already
accumulated on this system, is how the structure evolves beyond
percolation and how this affects the transport properties of the
system.

© 2010 American Chemical Society
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A ternary microemulsion system showing many analogies
with the one formed by AOT surfactants is a mixture of
ammonium salts of perfluoropolyether (PFPE) carboxylates,
water, and PFPE oil. Ammonium salts of perfluoropolyether
(PFPE) carboxylates are very effective surfactants for the
preparation of monophasic, transparent, isotropic microemul-
sions. Oil-soluble long-chain PFPE surfactants form water in
oil (W/O) ternary microemulsions, without cosurfactant, as
reported in ref 5. The microemulsions system composed of
water, PFPE surfactant of molecular weight 710, and PFPE oil
of molecular weight 900 has been intensively investigated using
several techniques.”™'® No O/W microemulsion region was
found in the phase diagram.> On the contrary, the W/O
monophasic microemulsion region was quite large. It extended
from a very low water to surfactant ratio (W/S) up to W/S =
22 (molar ratio) and from very dilute samples up to dense
samples with maximum ¢ (volume fraction of the dispersed
phase) values, 60% at W/S = 2.3, 75.7% in the W/S range from
5.6 to 11, and 50% at W/S = 20.> The volume fraction ¢ is
defined as the ratio of water plus surfactant volume over the
total volume (water, surfactant, and oil), assuming that the
dispersed phase is composed of water droplets coated by
surfactant molecules.

Previous structural investigations by static and dynamic light
scattering (SLS and DLS) and small-angle neutron scattering
(SANS)®71415 gave insight into the system’s microstructure for
dilute microemulsions. In particular, DLS measurements showed
that the hydrodynamic radius of the droplets increased from 27
to 57 A while increasing the W/S ratio from 6.5 to 22. Also,
the radius remained constant up to increasingly higher volume
fractions when increasing the W/S ratio (up to 5% at W/S =
6.5; up to 40% at W/S = 22). Here, the hydrodynamic radius
represents the whole aggregate, that is, the inner water core and
the interfacial layer composed of surfactant and some oil
molecules trapped between surfactant tails. By DLS, droplets
with hydrodynamic radii of 27, 31, 44, 57 AatW/S =65, 11,
16, and 22, in a ¢ range lower than 5, 10, 20, and 40%,
respectively, were found.” In addition, it was also found’ that
droplets interact via steric repulsion combined with an attractive
interaction that becomes more important for lower W/S ratios.
The second virial coefficient of the attractive component was
20 (very adhesive droplets) at W/S = 6.5, and it decreased to
—8 at W/S = 11, —2 at W/S = 16, and 0 at W/S = 22.7

SANS measurements in the dilute regime were used to
estimate the radius of the droplet’s aqueous core. From a Guinier
analysis, it was found that the radius increases from 23 to 36 A
with increasing W/S from 11 to 20.'“!> Furthermore, it was
found that the area per polar head decreases while increasing ¢
at a constant W/S (=11) ratio. This means that the packing of
the surfactant in the droplet increases with increasing ¢. The
latter trend was confirmed at two different temperatures, 20 and
35 °C.!* SANS analysis at W/S = 15 and 20 (20 °C) was also
showing'® that the microemulsion system is composed of
polydispersed spheres with an aqueous hard core of average
diameter 60—70 A at W/S = 20 and 55—60 A at W/S = 15, in
both cases with a polydispersity of 20%. Excluding one sample
(the ¢ = 0.0318 sample at W/S = 20), all other samples present
attractive interactions which can be modeled by an adhesive
potential of width A ~ 7 A and depth u, less than 10ksT units.

Overall, trends of structural changes obtained by SANS agree
quite well with DLS results when taking into account that the
hydrodynamic diameter measured by DLS is larger than the
average aqueous hard-sphere diameter obtained by SANS.
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In the W/O microemulsions at W/S = 11 of this work, as for
W/S = 15 and 20 already studied, we should expect three
regions differing for the scattering length density and two
contrast values because of the water core, the interfacial shell
composed of carboxylate groups of PFPE surfactant molecules
plus some oil molecules, and the continuous medium composed
by PFPE oil. However, as the scattering length density of the
surfactant heads, CO; NHZ, is the same as that of the surfactant
tails and both are equal to the scattering length density of the
oil molecules (3.88 x 10 cm™?), it remains one contrast 18.3
x 10% between the water core and PFPE compounds.

In this paper, we investigate in more detail microstructural
changes of this microemulsion system as a function of increasing
volume fraction of the dispersed phase along the dilution line
W/S = 11. Compared to previous work, the present study covers
a quite large domain of concentrations (from 0.0205 to 0.757),
extending in particular our investigation to the region of high
concentrations. When approaching this region of large volume
fractions of dispersed phase, the system viscosity increases
strongly,’ leading to a state of partial gelification which can be
associated with a percolation phenomenon driven by aggregation.

Previous studies used Ohmic conductivity and dielectric
spectroscopy to investigate the percolation phenomenon at
several W/S ratios (including W/S = 11) and over a broad
range of temperatures. From these measurements, the scaling
exponents below and above the percolation threshold were
calculated 171317

By the concentration dependence of the static dielectric
constant and Ohmic conductivity, by the frequency dependence
of the complex dielectric constant real part and of the loss angle
tangent, as well as by the temperature dependence of the static
dielectric constant and Ohmic conductivity, it was found that
percolation is dynamic below and above the respective percola-
tion thresholds. Concentration, thermal, and frequency ranges
explored were ¢ = 0.205—0.501, T= —10—+45 °C, and f =
100 kHz—13 MHz. In the dilute region, the conduction
mechanism of noninteracting droplets was interpreted in terms
of droplet charge fluctuations.'>*® Approaching the percolation
threshold, the formation of transient clusters was found to occur
because of attractive interactions between droplets. The ex-
changes of ionic species between droplets were favored by the
ability of the interfacial layers to interpenetrate significantly;
thus surfactant ions and counterions migrated from droplets to
droplets within a cluster.

From the latter investigation, it was hypothesized that clusters
of droplets change in number density and size as a function of
both the total number density of droplets and temperature,
without an important internal modification of the cluster’s
structure, which seems to be composed of strongly interacting
droplets.

The main goal of this study is therefore to confront this picture
with a systematic analysis of the structure on the droplet size
scale as a function of increasing volume fraction. This is
obtained by performing SANS experiments on samples preced-
ing, approaching, and beyond the percolation boundary. To
describe our data, we use a microemulsion model of polydis-
persed spherical droplets interacting via a steric plus sticky hard-
sphere potential. This potential, or Baxter’s potential, has found
applications in characterizing the structure and thermodynamic
properties of sterically stabilized silica colloidal droplets,?+?
microemulsion systems,>**~% and nonionic micellar solutions.?
All of these systems consist of droplets interacting via very
short-range attractive potentials superimposed to the hard-sphere
repulsion potential. In order to investigate surfactant packing
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effects, the area per polar head was also measured for all of the
samples in the Porod region of the spectra. Dilute samples at
W/S = 11 were accurately described by the Baxter potential,
whereas close to the percolation threshold, the Baxter model is
not enough accurate to fit the experimental spectra. For dense
samples, the Baxter model of the Microemulsion Model section
is approximate in the sense that it gives the main information
such as the droplet diameter, the distance between neighbors,
and approximate values of the potential parameters. The
qualitative description of the system is justified by the fact that
at such high concentrations, percolation plays an important role
that cannot be taken into account by the Baxter potential. Above
the percolation threshold, the changes in the microemulsion
system are important. The landscape of the system changes from
adhesive droplets below percolation threshold to formation of
dynamic clusters of droplets above. However, the Baxter
potential seems appropriate for particles in contact.

2. Microemulsion Model

In modeling the microemulsion, we assumed that the system
is composed of droplets with an aqueous spherical hard core of
diameter o and an attractive shell of thickness A outside of the
core. The attraction between droplets is generally found in water
in oil microemulsions and has its origin in the adhesion forces
that arise between the tails of the surfactants when they
overlap.?”2® The interactions between droplets in solution were
described by means of the Baxter potential.?** The Baxter
potential is a pair square well potential of the form

Feo r<o
= — _— ———a
yu(r) Uy ln[l2r(a — o)} o<r<a (1)
0 r>a

where Yy = 1/kgT (kg is the Boltzman’s constant, and T the
absolute temperature), o is the diameter of the aqueous spherical
hard core, A is the potential well width (of depth ~u,), a = o
+ A is the overall range of the potential,>*%*! and 1/7 is the
so-called stickiness parameter, defined as*3°

1_ 124
- == exp(yu,) @

According to eq 2, the droplet stickiness increases as A/a
or yu, increase. In the limit of an infinitely thin (o — &) or
infinitely deep (i, — =) well, 7 tends to infinity and the hard-
sphere potential is recovered. For AOT (sodium bis(2-
ethylexyl)sulphosuccinate) water in decane microemulsions,
the authors of ref 30 declare that the A parameter should
correspond to the length of the hydrocarbon tail, and the tail
could take an increasing stretched conformation as the
temperature increases.

The structure factor S(Q) for droplets interacting through the
Baxter potential can be calculated in the analytical form in the
limit 0 — a, according to the original work of Baxter.?>*° More
recently, following a perturbative approach, Menon has shown?!
that an analytical expression for S(Q) can be obtained for small
but finite values of A/a, relaxing the Baxter assumption A — 0
and u, — oo. In this approach, the structure factor has the
following expression

St~ = A%k) + Bk 3)
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where k£ = Qa and

AG) =1+ 1277[0’{3111(@ - kcos(k)} 4

JE
8 1 —cos(k)] _ A sin(k)
e
_ 1 sin(k) 1 — cos(k) 1
Bl = 12n[a[2k ER— ] v ,B[k
sin(h)] _ A [1 — cos(k)
2 ] 12 k H
with
~1+2n—u _ T3ntu _
o=k g Tl = g -y
a—mn? 201 = py?

The parameter # is given by n = zpa’/6, where p is the
number density of droplets. # represents the volume fraction
of the phase contained in the o + A spherical droplets region
of the microemulsion system, that is, the hard-sphere region
plus the adhesive region. The n parameter corresponds to the
volume fraction of sticky spheres. Such a quantity will therefore
be always smaller than the total volume fraction of water +
surfactant since a sticky sphere is mainly formed by the water
core plus an additional shell of relatively small volume (short-
range attraction). The additional shell will contain only a fraction
of the volume occupied by the surfactant. A is an undetermined
parameter that satisfies the quadratic equation

4

The droplets were considered to be polydispersed in size, and
their size distribution was modeled by means of the Schultz
distribution function.*>3?

The SANS intensity (coherent scattering cross section of
neutrons per unit volume of the sample) for a system of
polydispersed spherical water droplets, having a Schultz dis-
tribution in size, can be expressed as in ref 3

(Z + 6)Z + 5)Z + 4)
@+ 1

P(Q)-S(0)
®

KQ) = Ap™* Vyg* o,

where Ap? (contrast factor) is the square of the difference
between the scattering length densities of water and fluorinated
compounds, Vys = 716°/6 is the aqueous spherical hard-core
region of the droplet, and ¢, is the water volume fraction of
the sample, which is known from the sample composition. Z is
the width parameter of the Schultz distribution®>3 that leads to
estimate the size polydispersity, poly = 1/(Z + 1)2. P(Q) is
the normalized, spherical size-averaged droplet form factor,
defined as

_J_ﬁﬁwmﬁ
H@—wﬁﬁﬁr) (©6)
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where R = ¢/2 is the hard-sphere radius, j,(X) is the first-order
spherical Bessel function, and the brackets indicate the average
over the size distribution. $(Q) = 1 + B(Q)[S(Q) — 1] is the
apparent interdroplet structure factor, following the approach
of Kotlarchyk and Chen.* §(Q) is the average one-component
structure factor, which in our case is calculated according to eq
3. The factor B(Q), whose value varies between O and 1, is
responsible for suppressing the true structure factor oscillations
in a system of polydisperse droplets.’

In this model, I(Q) depends on four independent parameters,
o, A, u,, and Z. In the fitting procedure, the contrast was fixed
to the value calculated in the Introdction section on the basis
of the chemical composition of the components. Furthermore,
each droplet contributes to the volume fraction through the
aqueous hard-sphere core plus a shell with the surfactant tails
covering the droplet. The stickiness between droplets we expect
to be due to adhesion between the surfactant tails of neighboring
droplets or portions of the surfactant tails.

Under this hypothesis, 7 = (o + AY/od¢, = (7/6)pa’
depends on two fitting parameters ¢ and A and the known
composition parameter ¢,. Of note, 7 > ¢, for adhesive
microemulsions. In fact, only when A = 0, it is 7 = ¢,,.

Finally, in order to correct for data smearing due to resclution
effects, in the fitting procedure, we convoluted the theoretical
model with a resolution function, calculated according to the
work of Pedersen et al.*

3. Experimenial Section

The ternary water in oil microemulsion is composed of an
ammonium carboxylate PFPE surfactant of molecular weight
710 and a PFPE oil of molecular weight 900. The density and
viscosity of the PFPE oil are 1.8 g-cm™® and 6.2 cP,!
respectively. The sample preparation was described in ref 5.
The fluorinated compounds were provided by Ausimont SpA
(now Solvay Solexis), Milan, Italy. The water was taken from
a Millipore Milli-Q system.

The surfactant tail and the oil molecule have a similar
composition R,—[0—CF,—C(CF;)F],—OCF,—R;, as detailed in
refs 11—15. The R, terminator is a mixture of CF;, CF;CF,,
and (CF;)CF groups. In the oil molecule, R;, is equal to R., and
in the surfactant molecule, R; represents the ammonium
carboxylate group CO;NH{.

The 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
of 10%. The Q range investigated, for all of the samples, was
from 0.02 to 0.28 A~ (sample to detector distance fixed at 2.515
m). Collimation was realized by two circular slits, one of 7 mm
diameter in front of the sample, defining the area and the
scattering volume of the sample, plus a second one of 14 mm
diameter placed 2.5 m far from the first slit, in the direction of
the incoming neutron flux.

Samples of thickness 1 mm were contained in flat quartz cells,
temperature-controlled within £0.1 °C. The temperature of the
measurements was 20 °C. Standard procedures have been used
to reduce the data to absolute units.> The intensity was corrected
for the empty cell contribution and normalized to the absolute
scale by means of a direct measurement of the intensity of the
incoming beam.’> The contribution of the PFPE oil was
subtracted.

In the data analysis performed by the computer, a nonlinear
fitting procedure by means of the Minuit program of the CERN
library was performed on the experimental spectra and the 1(Q)
in the form of a Fortran function written by us.

Laurati et al.
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Figure 1. Experimental spectra of the samples at W/§ = 11 and 20
°C for ¢ = 0.0205 (circles), 0.205 (triangles), 0.327 (crosses), and 0.408
(stars). Fitted curves by the AHS model. The error bars (standard
deviations) are reported on all of the figures of this paper, except when
they are smaller than the symbols used.
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Figure 2. Experimental spectra of the samples at W/S = 11 and 20
°C for ¢ = 0.501 (circles), 0.600 (wiangies), 0.644 (crosses), and 0.757
(stars). Fitted curves by the AHS model. The error bars (standard
deviations) are reported on all of the figures of this paper, except when
they are smaller than the symbols used.
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Figure 3. Distance between neighboring droplets versus ¢ for dense
samples.

4. Results

Figures 1 and 2 show the 20 °C experimental spectra of
samples at W/S = 11 with ¢ in the range of 0.0205—0.757.
The samples span from the very dilute region, a few percent of
the dispersed phase, to the most dense monophasic sample,
75.7% of dispersed phase.

In the denser samples, we calculated the distance between
neighboring droplets from the position of the scattering intensity
peak, that is, as 271/Qyax, Where O, is the Q value correspond-
ing to the peak maximum. The distance plotted versus ¢ in
Figure 3 for samples in the range of 0.408—0.757 with distances
from 53.6 A at 0.757 to 69.8 A at 0.501 shows a linear trend.
The distance at 0.408 is not compatible with the other values
of the linear trend, pointing to a discontinuity due to the
percolation threshold. It is worth noting that the 53.6 A value
is the maximum size of particles at W/S = 11 of the monophasic
microemulsion.

As a first step in modeling the experimental spectra, we
investigated the Porod region of each spectrum. In fact, at high
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TABLE 1: SANS Results at W/S = 11 and T = 20 °C, Results by the AHS Model with Four Free Parameters, o, poly
(polydispersity), A, and u, and 7 Calculated as the Reduced jy” of the Fit and the Interfacial Area Per Polar Head X

1) bw o oA poly AA uo kT 7 22 > A?
0.0205 0.00687 0.01363 30.8 £0.5 0.34 (0= g 0+3 bw 5 44 +2
0.205 0.0687 0.1363 329+0.8 0.33 0+£0.1 0+3 Dw 2 45+3
0.327 0.1096 0.2174 46.0 £ 0.3 0.11 1.3+1.6 0+7 bw 59 37 £3
0.408 0.1367 0.2713 50.2+0.2 0.00 25+04 —4+2 0.1582 7.5 361
0.501 0.1678 0.3332 492+04 0.00 47+0.5 —324+05 0.2206 6.1 334+05
0.600 0.2011 0.3989 498 +1 0.00 6.2+09 —45+1 0.286 30 29+1
0.644 0.2158 0.4282 48+ 1.5 0.00 6.1+05 —-6+3 0.309 28 3242
0.757 0.2537 0.5033 454+ 1 0.00 6.5+0.7 —8+2 0.379 41 31+£2

Q, all of the spectra follow the Porod law*® Q*1(Q) = A + BQ*,
where A = 27Ap*c,Z, with ¢, as number of surfactant molecules
per unit volume of the sample, Z as area per polar head group
of the surfactant molecules at the droplet interface, and B as
background due to the incoherent part of the signal. When this
law applies, the interfacial region of the droplets is sharp. We
are assuming that all of the surfactant molecules are at the
surface of the droplets.

Since ¢; is known from the sample composition and Ap? is
fixed to the value calculated in the Introduction section, by
means of the A parameter, we can calculate the area per polar
head for each sample. The obtained values are reported in Table
1. In the range ¢ = 0.205—0.600, a figure of X versus ¢, at 20
and 35 °C was already depicted in ref 14. The background
calculated by the Porod law was then subtracted from each
spectrum before performing any further analysis of the experi-
mental data.

As suggested from previous studies,!' the percolation thresh-
old at 20 °C is ¢, ~ 0.4. In order to have better insight into the
structural evolution of the system close to the percolation
threshold, additional SANS measurements in the thermal range
of 10—35 °C were performed for samples with ¢ = 0.205, 0.327,
0.408, and 0.501. In fact, with increasing temperature, the
percolation threshold ¢, decreases from ¢, = 0.501 at 9.3 °C

I (em™)

QO = N W > 00 &
T

0 0.1 0.2 0.3

Q (A"
Figure 4. Experimental and fitted curves with the AHS model at 7 =
10 °C with ¢ = 0.205 (circles), 0.327 (triangles), 0.408 (crosses), and
0.501 (stars).
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0 0.1 0.2 0,3

Q (A™")
Figure 5. Experimental and fitted curves with the AHS model at 7=
16. 5 °C with ¢ = 0.205 (circles), 0.327 (triangles), 0.408 (crosses),
and 0.501 (stars).

to ¢, = 0.408 at ~20 °C to ¢, = 0.205 at 32.5 °C."! The spectra
are reported in Figures 4—8. In the whole thermal range, the
presence of large-scale aggregates is evidenced by the high level
of the intensity scattered at low Q.

For the spectra at different temperatures, the Porod region
was analyzed as for the samples at 20 °C, the background was
subtracted before any fitting procedure to theoretical models,
and the area per polar head was calculated. The obtained values
are reported in Table 2.

I (em™)

0 0.1 0.2 — 0.3

Q (A™)
Figure 6. Experimental and fitted curves with the AHS model at 7 =
25 °C with ¢ = 0.205 (circles), 0.327(triangles), 0.408(crosses) and
0.501(stars).
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Figure 7. Experimental and fitted curves with the AHS model at 7 =
30 °C with ¢ = 0.205 (circles), 0.327 (triangles), 0.408 (crosses), and
0.501 (stars).
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Figure 8. Experimental and fitted curves with the AHS model at 7 =

35 °C with ¢ = 0.205 (circles), 0.327 (triangles), 0.408 (crosses), and
0.501 (stars).
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TABLE 2: SANS Results at W/S = 11 and 7 = 10-35 °C
along with Results by the AHS Model with Four
Parameters, * of the Fits, and

¢ oA poly AA u, kT x> A2
T=10.0°C
0.205 364+05 026 0405 02 44 47+3
0.327 48+1 012 2#£1 —4+2 42 37+3
0.408 54+2 010 6=£2 —4+2 57 34+£3
0.501 503 000 S5&%1 —3+1 78 384£2
T=165°C
0.205 34+1 032 01 —2+3 45 503
0.327 47+3 011 20+15 —-34+2 37 37%3
0.408 52+3 010 6=%1 —4+2 65 35+3
0.501 50£2 000 5+1 35405 78 37+£3
T=250°C
0.205 321 035 0x2 —10£1 43 54+3
0.327 46+2 011 18405 —-4+3 60 41£3
0.408 506 +07 009 341 —4+1 60 36+3
0.501 49+2 000 50415 —30%£05 70 38+3
T=30.0°C
0.205 31£1 032 05%1 0.0+05 68 59+3
0.327 44+1 013 2£1 —3+1 82 44%3
0.408 502 007 30x15 —4+£2 95 393
0.501 48+2 0.00 4805 —-4+1 79 37+3
T=350°C
0.205 29+2 041 011 0+1 29 55+2
0.327 41+2 016 20+15 ~-2+1 65 51%3
0.408 48+3 0.08 4+2 -3+1 70 35+2
0.501 46+2 000 5=x1 —4+2 89 41%2

Finally, for all scattering intensities of Figures 1, 2, 4—8,
the coherent part of the spectrum was analyzed assuming a form
factor P(Q) of polydispersed spheres with a Schultz distribution
of sizes (see eq 6) and the structure factor $°(Q) of adhesive
hard spheres, interacting via the square well Baxter’s potential
(see eq 3). The scattered intensity is given by eq 5.

Table 1 contains the ¢ values, the water and the surfactant
volume fractions ¢,, and ¢, calculated by samples compositions
for each sample at 20 °C, the four fitting parameters of the AHS
model, %, and the reduced y* values of the fits. The Baxter model
is expected to be accurate below the percolation threshold.?
However, low y? values are obtained for samples below the
percolation threshold and for two samples just above the
threshold. The condition 7 > ¢,, is verified (see the Microemul-
sion Model section) when A > 0. In Table 2, the four fitting
parameters for each temperature, the # values, and the y* are
reported. The contrast reported in the Introduction section was
maintained constant as a function of temperature in the explored
thermal range.

In Tables 1 and 2, we reported also results obtained by using
the Baxter model to describe the scattering intensities of samples
well above the dynamic percolation threshold. This is justified
by the fact that dynamic percolation describes the microemulsion
system as composed by droplet clusters below and above such
a threshold, being clear that the description of the dense samples
is approximate. We expect that droplets in a cluster are more
closely packed than those in dilute samples and stick and unstick
continuously, resulting in measured diameters greater than those
of the dilute region. Without being absolutely accurate, these
measurements give useful information on the microstructure of
dense samples.

In Figure 9, 0, 2, A, and u, are reported as a function of ¢.
o and A (size and adhesivity region) increase, whereas Z and
u, decrease (the absolute value increases) with increasing ¢.
The consequence is the increase of the surfactant packing,
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caused by reduction of the area per polar head at the interface,
and enhancement of the adhesion between droplets.

In Figure 10, a plot of the /(0) extrapolated from the fitting
curves versus ¢ is reported, excluding the points at low Q due
to aggregates. In the limit of Q — 0, the droplet form factor is
1, and the structure factor reduces to S(Q=0) = [ (@=0) =
kpT(d¢p/07r) at constant temperature (20 °C). In Figure 10, 1(0),
and therefore the inverse of the osmotic compressibility (d¢/
am), increases for dilute samples up to the percolation threshold
¢ =~ 0.408; thereafter, it decreases. This trend can be interpreted
as a gradual transition from only steric to other interactions.
From the extrapolated value of S(Q=0), the virial coefficient
can be evaluated by S(0) = 1/(1 + B¢), where B is the second
virial coefficient.’™*® Negative B values have been found from
—3.7 to —0.76 in the ¢ range of 0.205—0.644 (see Figure 11),
confirming the presence of attractive interactions between
particles. In addition, the observed dependence of B on ¢ seems
to indicate a dominant effect of the volume fraction compared
to the limited changes in adhesion when the particles become
adhesive (see Table 1 and Figure 9).
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In Figure 12, 5 increases linearly versus ¢, with two different
slopes below and above 0.408. A discontinuity at the percolation
threshold is present also for this parameter. This discontinuity
is more pronounced in the plot of #/¢ versus ¢ of Figure 13.

5. Discussion

Below ¢ = 0.408, the microemulsion system at 20 °C is
composed of droplets that interact without adhesion as A and
u, are 0 within the experimental errors (two standard deviations).
At 0.408, the droplets start to be adhesive as A and u, become
different from 0 within the experimental errors. The o value
for dilute samples is 30 A (polydispersity of ~30%) and
increases to 46 A close to the percolation threshold, even though
the fit has a large y* value. Polydispersity tends to 0 while ¢
increases from 0.408 to 0.757.

By increasing ¢ from 0.408 to 0.757, the fitted ¢ value
increases to 45—50 A, that is, a value larger than that for dilute
samples. This value agrees well with 53 A, that is, the distance
between particles obtained for the most concentrated sample, ¢
= (.757, without model assumptions. For dense samples, A
increases versus ¢ and the absolute value of u, as well, that is,
the adhesivity increases.

It is interesting to note at this point that as soon as the particles
become adhesive (¢ = 0.408), the relative range of the attractive
interaction (A/o) increases monotonically with increasing ¢. The
growth of such a value explains the trend of the ratio #/¢,, =
(1 + A/o) as a function of ¢ (values of % and ¢, in Table 1).
Since ¢,, represents the hard-sphere volume fraction, such a ratio
is equal to 1 at low ¢, corresponding to the absence of attraction.
As the droplets become increasingly adhesive, #/¢,, becomes
quickly larger than 1 with increasing ¢, in agreement with its
cubic dependence on 1 + A/o.

Droplets forming a cluster can have regions of superposition
eventually caused by interdigitation of surfactant tails of
neighboring droplets. These results are compatible with droplets
getting more and more packed as ¢ increases, before a phase
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transition occurs in the system just above 0.757, as shown in
the phase diagram.’ The ¢ = 0.757 sample is on the borderline
between monophasic and the demixing region. In fact, the
maximum ¢ for a face-centered cubic organization of the sample
is slightly smaller than 0.750. The parameter reported in Table
1 for the 0.757 sample does not follow the trend of those at
lower ¢ values above threshold. Likely, before demixing, the
structural organization of the 0.757 sample changes due to the
high close packing that presumably deforms the droplets.

Some known parameters can help to understand the organiza-
tion of the droplets in the clusters. The surfactant polar head
volume is 35. 26 A3;% thus, the diameter of the head is 4.1 A.
The polar head participates to the inner region of the droplet as
the polar head scattering length density is the same as that of
water, whereas the fluorinated surfactant tails are outside of the
aqueous region. Furthermore, the surfactant extended tail length
was found to be equal to 13 A;*~*? thus, for interacting droplets
of the dense region, the surfactant tails interdigitate over a
distance of a few A, with 30 A as the size of the aqueous plus
polar head core and 26 A as the length of two extended tails.
Interdigitation was also found in lamellar liquid crystals formed
by fluorinated surfactants of molecular weight 659 and water.*!
Instead, the 13 A chain length mentioned above was obtained
for a similar fluorinated surfactant, named »2 in ref 40, as the
minor axis of ellipsoidal micelles, that is, without interdigitation.
Thus, we can hypothesize that, during interactions of neighbor-
ing droplets, couples of droplets lead to a dimer of droplets for
a certain time, with interdigitation of the surfactant molecules
covering the droplets.

To further clarify the system structuring evolution, it is
important to take into account the measured values of the
surfactant area per polar head. In fact, the latter is 45 AZ at 20
°C for dilute samples (¢p = 0.0205 and 0.205) and decreases to
37 A? at ¢ = 0.327 and to 31 A? at ¢ = 0.757. These results
show that the surfactant packing at the interface of the droplets
depends on the concentration of droplets. In particular, the
decrease of the area per polar head seems to imply that some
interfacial surfactant molecules change their packing parameter,
which is larger than 1 in the dilute microemulsion. The latter
decrease can be interpreted as due to the coexistence of flat
and curved interfacial regions into the samples, the flat interfaces
presumably being located between two droplets that merge
together and separate almost immediately (dynamic fusion) as
suggested by the dynamic nature of the percolation de scribed
in refs 11 and 13. The decrease of area per polar head at ¢ >
0.205 implies that dynamic fusion starts below the dynamic
percolation threshold as also demonstrated by previous studies.'!3

The decrease of X versus ¢, observed at 20 °C, is also found
for the other temperatures (Table 2, ¢ > 0.205). Furthermore,
for dilute samples (¢ = 0.205 and 0.327), the temperature
increase from 10 to 35 °C leads to an increase of =, whereas at
¢ = 0.408 and 0.501, Z remains constant versus temperature,
in the limit of the experimental errors. Droplet fusion and an
increase of surfactant packing with the formation of flat
interfacial regions seem therefore to be present in the range of
10-35 °C at ¢ > 0.205.

For the samples of Table 2, ¢ ~ 50 A in the ¢ range of
0.408—0.501 at all temperatures. Below 0.408, lower ¢ values,
~30 A are obtained, in agreement with measurements at 20
°C; polydispersity decreases versus ¢ for all temperatures; within
two standard deviations, A and u, are close to 0 below 0.408
for T = 10—25 °C and different from 0 above 0.408. At 30 and
35 °C, A and u, are 0 below 0.501. We recall that, as reported
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in refs 11 and 13, the threshold increases with increasing
temperature, in agreement with the present SANS study.

At ¢ = 0.501 and 0.408, X is independent of temperature in
the limit of the experimental errors; thus, the surfactant does
not change its interfacial conformation after the percolation of
the droplets. On the contrary, at ¢ = 0.205 and 0.327, X changes
versus temperature.

6. Conclusion

The SANS analysis of the PFPE microemulsion system of
this work confirms the dynamic percolation found by dielectric
and conductivity studies. The size of the droplets is 30 A below
the percolation threshold and 50 A above for the different
temperatures in the range explored, 10—35 °C, suggesting that
the droplets above the percolation threshold are superimposed
on each other by interdigitation of the surfactant tails. We have
used the wording dynamic fusion to describe a process where
the droplets form dynamic dimers into droplets clusters, that
is, couples of droplets stick and unstick continuously, leading
to sizes of 50 A intermediate between the single droplet size
and 60 A corresponding to two droplet sizes. The measured 50
A intermediate size suggests that surfactant tails interdigitate
between droplets. The decrease of the surface per polar head at
the surface of dense microemulsion samples, with increasing
concentration, obtained by measures of the Porod region of the
SANS spectra, represents an independent confirmation that the
surface of the system decreases as a function of concentration
above the percolation threshold. This landscape is the same for
all of the temperatures investigated.
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