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Percolation phenomenon on fluorinated water in oil microemulsions:
The effect of temperature
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The static dielectric constant and the conductivity versus temperature were studied on a water
in oil microemulsion composed of perfluoropolyether (PFPE) oil and surfactant at a constant water
to surfactant ratio for different oil to surfactant ratios. The evidence of a percolation phenomenon
is shown. An analysis in terms of scaling laws and a calculation of the scaling exponents indicate
a dynamic percolation process below the threshold for all of the samples studied and above the
threshold, far from phase transition regions. The exponents of static percolation are found above

the threshold, close to the phase transition.

PACS number(s): 61.25.Hq, 64.70.Ja, 77.22.—d, 82.70.Dd

Percolation phenomena have been observed in vari-
ous water in oil and in waterless microemulsions, both
ternary and quaternary, composed of hydrogenated oil
and surfactant [1-6]. For example, the water-sodium
bis(2-ethylhexyl) sulfosuccinate (AOT)-oil ternary sys-
tem, widely investigated for different oils, in some cases
obeys the dynamic model of percolation of spheres within
a continuous medium [2-5] as the percolative exponent
below threshold, —1.2, differs from the value of the static
case, —0.7 (bicontinuous structure). Such a result is
related to the existence of spherical droplets, with at-
tractive interactions, which exist up to a high volume
fraction of the dispersed phase, ¢ =(water plus surfac-
tant)/(total). To establish the structure of the system,
accurate structural investigations at different tempera-
tures throughout the monophasic region of the phase
diagram were done, especially by small-angle neutron
scattering (SANS) [7]. Glycerol (or formamide)-AOT-oil
ternary systems as well as quaternary water-sodium do-
decyl sulfate (SDS)-butanol-toluene systems also show
dynamic percolation [6]. Furthermore the transition
from dynamic percolation to static percolation, as well
as the transition towards a lamellar phase, at the per-
colation threshold, was found in water-AOT-decane mi-
croemulsions [8]. Nonpercolative microemulsions show-
ing large variations of conductivity were also evidenced
in the brine—oil-nonionic amphiphile C;E; (polyglycol-
ethers) system [9]. Conductivity measurements have
been largely used to characterize fluorinated microemul-
sions [10-12]. However, only one conductivity curve with
a percolative-like trend can be found in the literature [12]
without any data analysis. So far, the dielectric proper-
ties of fluorinated microemulsions have not been studied
to our knowledge. Nevertheless, the knowledge of dielec-
tric parameters of such systems is of notable relevance.
As a matter of fact, fluorinated surfactants are more suit-
able than the hydrogenated ones in reducing the surface
tension [13], possess a higher chemical and thermal sta-
bility [13], and are able to solubilize gases in large amount
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[14]; they are used for industrial [15] as well as for bio-
logical applications [10,16].

In this paper we report the dielectric study of a
water—fluorinated surfactant—fluorinated oil microemul-
sion where the fluorinated components are perfluo-
ropolyethers (called PFPEs) manufactured by Ausimont
S.p.A. (Milan, Italy). They are obtained by distillation
under reduced pressure of industrial PFPEs (prepared by
uv photoinitiated oxidation of perflucropropene [17]) and
have the main properties of fluorocarbons with the flu-
orocarbon chain rigidity reduced by the etheric bridges
(C—O0—C), which allows the liquid state up to molecu-
lar weights of 10000 or more, increasing also the liquid
state thermal range. A thorough description of the above
compounds is in [18]. PFPEs have the following general
formula:

R.—(O—CF,—CF),—OCF,—R,,

| (1)
CF3

where R, and R}, oil chain ends, are a mixture of —C F3,
—CF3CF; and (CF3)CF groups. The surfactant polar
head group Rj is —COO~"NH4 *. The oil has molecular
weight (MW) 900 [19], density 1.8 g/cm3, and viscos-
ity 6.2 cp. The surfactant has MW 710 (MW distribu-
tion 95% by gas chromatographic analysis); the molecule
length is 13 A [21]. The ternary system of this work
shows a large monophasic domain at T' = 20 °C, reported
in Fig. 1, which shrinks towards the surfactant-oil side
for higher temperatures [18]. Water and oil are insol-
uble in any proportions; water and surfactant give lig-
uid crystalline phases [21,22]; the surfactant and the oil
solubilize each other only at temperatures above 30°C.
Water droplets on a nanometer scale were identified by
dynamic light scattering [23] (static light scattering con-
firmed these results [20,23]) at water to surfactant (W/S)
molar ratio higher than 6. It was experimentally es-
tablished that for low oil content, the droplets main-
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FIG. 1. The curves represent €,(7T") at different ¢ values:
full circles at ¢ = 0.501 (highest curve) and ¢ = 0.205 (lowest
curve), open triangles at ¢ = 0.462, open circles at ¢ = 0.395,
full triangles at ¢ = 0.361, and open crosses at ¢ = 0.327.
For all the figures the error bars are not drawn when smaller
than the symbols. Right top corner: the monophasic domain
of the system at T' = 20 °C. The experimental path along the
line W/S = 11 is also shown.

tain a constant radius at constant W/S. The second
virial coefficient @ was found < —20 at W/S = 6.5, -8
at W/S = 11 and —2 at W/S = 16. The hydrody-
namic radius also increases from 3 to 6 nm as the W/S
ratio increases. Spherical shapes were hypothesized in
the dilute region as no experimental evidence of depo-
larized light was found and the polydispersity was very
low (0.08-0.10). Water self-diffusion coefficients mea-
sured by pulsed gradient spin-echo (PGSE) NMR [24]
indicated the existence of a water continuous network at
W/S ~ 6.5, which progressively disconnects upon addi-
tion of water at oil to surfactant (O/S) constant ratios
(wt/wt) from 1.22 to 3.0. Conductivity measurements
[20] at O/S constant ratios (wt/wt) from 1.22 to 5.67,
performed as a function of water addition, allowed the
detection of the transition from solution of hydrated sur-
factant species to real water in oil droplets. The min-
imum ratio W/S for which all the water molecules are
inside the droplets was found to depend on the O/S ra-
tios [20]. The surfactant used in [23,24] has a molec-
ular weight 723, a little higher than that used in this
paper and in [18,20]; as a consequence, the monophasic
region was found slightly larger. The temperature of the
experiments was 25°C. No structural investigation has
been done at O/S > 1 nor at high ¢ values (concen-
trated region) or at temperatures different from 25°C.
The interpretation of the light scattering results outside
the dilute region presents some difficulties [23]. SANS
preliminary experiments were done at W/S = 11 and
T = 25°C [22] in the concentrated region (no signal was
detected in the dilute one); a broad peak is displayed
in the scattering wave vector range 0-0.25 A~ and the
maximum intensity increases as a function of ¢. Data
analysis is in progress. The dielectric investigation allows
the study of PFPE water in oil microemulsions through-
out both the dilute and the concentrated regions leading,
in a given experimental run, to the detection of both the
Ohmic conductivity and the dielectric constant at differ-

ent temperatures and frequencies. The apparatus and
procedure used are described in [25]. For the measure-
ments of this work the temperature was controlled within
40.05°C. The samples exhibit dielectric absorption in
the frequency range typical of microemulsions [25]. The
analysis as a function of frequency, concentration, and
temperature distinguishes percolative and nonpercolative
regions and static or dynamic percolation. In this work
we report the behavior of the static dielectric constant
€, and of the conductivity o along the line W/S = 11,
in the thermal range in which the system is monophasic
(see Figs. 1 and 2). The Hanai model [26] and the charge
fluctuation model [27], which both consider the system
composed of noninteracting hard spheres, predict, respec-
tively, the following €, and o values; €, up to 4 and o up to
1072 at the lowest ¢ of this work, 0.2; €, up to 16 and o up
to 5 x 107% at the highest ¢ of this work, 0.5. Only a few
points of Fig. 1 and 2 at lowest ¢ and lowest temperature
are justified by these models. The large jumps in €, and
o (See Figs. 1 and 2) were analyzed in terms of percola-
tion theory as a percolation threshold was found for each
curve. The microemulsion complex permittivity €* may
be assumed a function of €} (dispersed water phase), €3
(continuous oil phase), ¢, and of the parameters contain-
ing all the information on the dispersion geometry and
interactions [4]. €} = €;, — joi/(weo) for i = 1,2 where s
means static, €p is the permittivity of vacuum, w = 27 f,
and f is the frequency. PFPE oilhas 02 ~ 0 and e; = 1.8
for frequencies up to 100 MHz (upper limit of the experi-
mental apparatus). In the frequency range studied water
and PFPE oil do not exhibit dielectric absorption; thus
| €3 |>>| €5 |, and in the presence of a percolation transi-
tion €* follows power laws as a function of both | ¢ — ¢, |
and | T—T, |, characterized by exponents depending only
on the dimensionality of the space (¢, and T}, represent
concentration and thermal percolation thresholds). As a
function of temperature, at T' < T, €, = ca€3,(Tp,—T)™°
and 0 = c202(Tp —T) "% at T > Ty, €5, = c162,(T —Tp)~°
and 0 = ¢,01(T—T,)#*. The exponents s and u define the
kind of percolation whether static or dynamic. In both
cases 1 = 1.5-2.0; on the contrary, for static percolation
s = 0.6-0.7 whereas for dynamic percolation s ~ 1.2 (see

Logye[o (Q7'm™)]

40
T (°C)
FIG. 2. o(T) at W/S = 11 for the same ¢ values as Fig. 1
with identical symbol meaning.
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FIG. 3. An example of application of the scaling laws on
the €,(T') curve below (full circles) and above (open circles)
Tap, at ¢ = 0.395.

[4] and the literature there reported).

The trend of €, vs temperature is shown in Fig. 1.
The temperature corresponding to the maximum of e,
represents the dielectric thermal percolation threshold
Tgp. For each sample, in temperature intervals below
and above threshold and slightly apart from the thresh-
old, the function log,4(€,) vs log,o(|T —Tap|/Tap) follows
a linear trend, as shown in Fig. 3 for ¢ = 0.395 where the
slope of the straight lines, s, is identical in both cases. In
Table I, s (below threshold), s, (above threshold), and
Tap are reported for all the samples. For what concerns
the conductivity, for each sample, the function log,,[o
(2 'm™1)] vs T follows the trend shown in Fig. 2. The
temperature of the curve inflection point is the conduc-
tivity thermal percolation threshold T.,. In Fig. 4 the
function log,o[o (2 1m™1)] vs log,o[(T — Tep)/Tep)] of
the data above threshold at ¢ = 0.327, reported in Fig. 2,
is drawn. A temperature interval within which the trend
is linear is found and the exponent p of the scaling law
calculated. The T, and p values are reported in Table I
for all the samples. The analysis below T, does not allow
an accurate calculation of the s exponent (for o values
lower than 1074Q~!m™! any small impurity may affect
the measurements). However, the available data exclude
s values lower than 1.1. From the ¢,(T) and o(T') curves,
values of s and p typical of dynamic percolation were
found except for the extreme ¢ values above threshold.
In the latter case, s, values typical of static percolation
were found. On the basis of the dielectric analysis the
following can be argued. (i) Approaching the threshold
from below, for all the samples studied, the system is

L091o [(T_TCP) /Tcp]

FIG. 4. Application of the scaling law to the points above
threshold at ¢ = 0.327.

composed of interacting droplets which form clusters of
water droplets sufficiently close to each other so that a
transfer of charge carriers between them can occur. At
threshold, at least one cluster connects the system from
one electrode to the other. (ii) Above threshold, in the
central part of the line, as the temperature increases,
water droplets form a growing number of water droplet
clusters, by increasing the connectedness of the system.
(iii) Above threshold, at the line extremes, i.e., in prox-
imity to phase transition regions, the system behaves as
a bicontinuous microemulsion; thus at the percolation
threshold the coalescence of droplets begins, leading to
the formation of continuous water channels whose num-
ber increases as the temperature increases. We discuss
the above hypothesis in relation to the previous findings
obtained at W/S = 11 and T = 25°C. Point (i) is al-
ready confirmed by light scattering in the dilute region
¢ < 0.1, as spherical droplets of 3.1 nm interact via an at-
tractive potential, a = —8 [23]. At these ¢ values, 25°C
is a temperature lower than the percolation threshold, as
we expect that the trend T,(¢) of Table I (T}, increases
as ¢ decreases) is maintained also at the lowest ¢ of the
line. The SANS spectra [22] on concentrated samples
(¢ > 0.4) show an intensity peak which could be related
to interacting droplets, confirming the points (i) and (ii).
Conductivity [20] and NMR [24], which cover the range
¢ = 0.21-0.55 and 0.33-0.55, respectively, agree in de-
scribing the system as intermediate between a continu-
ous network [detected at W/S = 6.5 and corresponding

TABLE I. Dielectric and conductive percolative exponents and temperature thresholds for the
samples at W/S=11 with different ¢ values. The errors are standard deviations. In data analysis

x? values close to 1 were found.

¢ Sb Sa po 1 Tcp

(¢c) (°C)
0.205 1.17 £ 0.02 0.83 £+ 0.07 32.41+0.2 1.495 £+ 0.005 32.51+0.2
0.327 1.28 £+ 0.02 0.76 + 0.03 22.8+0.3 2.151 £ 0.004 19.3+0.3
0.361 1.21 £ 0.02 1.17 +0.06 21.6 £ 0.2 1.819 &+ 0.004 19.5+0.3
0.395 1.18 £ 0.02 1.14 +0.04 189 +0.1 1.928 + 0.005 16.5+ 0.3
0.462 1.25 +0.01 1.13 + 0.06 16.5+0.1 2.227 +0.003 12.5+0.3
0.501 1.19 £+ 0.02 0.75 + 0.08 13.0+ 0.2 2.295 + 0.004 9.3+0.3




1316

to conductivity maxima in the o(¢) curves at constant
O/S ratios] and a well defined droplet dispersion (at
W/S > 11). The dielectric study at 25°C (see Table I)
shows the occurrence of dynamic percolation for ¢ = 0.2—
0.46 and of static percolation at ¢ = 0.5. From the o(¢)
curves of [20], along the W/S = 11 line, the o value at
¢ = 0.5 is the closest to the conductivity maximum. It is
worth noting that structural investigation must be per-
formed to test the above hypothesis throughout the ther-
mal range in which the system is monophasic. However,
the investigation of this paper has clarified that perco-
lation occurs in PFPE microemulsions, as demonstrated
by the occurrence of large thermal ranges in which per-
colative laws are detected (the ranges of Fig. 1 except
two points at the lowest temperature for ¢ = 0.501, one
point at the highest temperature for ¢ > 0.205, and ob-
viously the regions in the proximity of the threshold).
On the basis of the above findings, droplets seem to ex-
ist throughout large ¢ and T ranges in the composition
and thermal interval in which dynamic percolation occurs
both below and above threshold. The exponents provide
support that a transition from dynamic to static perco-
lation occurs at ¢ < 0.36 and ¢ > 0.46. As a matter
of fact, in the region at high surfactant concentration, a
further increase of dispersed phase at T' = 25 °C leads to
the formation of anisotropic liquid crystals in equilibrium
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with microemulsion [28,29]. The evolution of the system
is in agreement with the analysis of [24] in terms of Nin-
ham’s surfactant parameter v/al (ratio between the tail
volume and head group area, in the lamellar phase, mul-
tiplied by the length) that offers some explanation of the
occurrence of droplets shaped by PFPE surfactant in oils
of different molecular weight as well as of the reason why
high molecular weight oils do not favour droplet forma-
tion.

We feel confident that the results shown in this pa-
per offer further support to the view that percolation
belongs to the class of universality phenomena. SDS,
AOT, and PFPE surfactants are very different in chemi-
cal composition and steric hindrance (hydrogenated, sin-
gle and double chain SDS and AOT, respectively, and flu-
orinated single chain PFPE); however, when mixed with
suitable nonconducting oil and suitable dispersed liquid,
the PFPE surfactant gives a dynamic percolating system
like AOT or SDS and alcohol.
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