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ABSTRACT

The dielectric and conductive properties of a new ternary water-
in-oil microemulsion consisting of perfluoropolyether (PFPE)
oil, PFPE surfactant and water, were investigated by an im-
pedance analysis technique in the frequency range of 5 Hz to
100 MHz. The trend of both the electrical conductivity and
the static permittivity was analyzed as a function of the tem-
perature in the interval from —10 to +40°C. Maxwell-Wagner
relaxation phenomenain the MHz range and a percolative tran-
sition, of dynamic type against temperature, were observed.

1. INTRODUCTION

THE present paper deals with the analysis of the di-
electric and the conductive behavior of perfluoro-
polyether (PFPE) water-in-oil (w/o) microemulsions.

A w/o microemulsion is a thermodynamically stable
single-phase fluid containing two bulk, insoluble, liquids
such as water and hydrocarbon and one or more surface
active agents (surfactant). In w/o microemulsions the
water is dispersed in a continuous oily phase in the form
of very small spherical droplets, 3 to 10 nm in diameter,
stabilized by a surfactant shell, see Figure 1 [1,2].

Since 1943 microemulsions have been on the market as:
self polishing floor waxes, cutting oils, detergents and dry
cleaning products and polymer lattices for paints. These

systems are largely used in enhanced oil recovery process-
es (the so-called tertiary oil recovery). The mechanism
of formation of amphiphile association structures, mi-
croemulsions, micellar solutions as well as their lyotropic
mesophases, offer basic support in the field of biophys-
ical (phospholipid bilayers and vesicles) and biomedical
(anesthesia) research as well as of agronomical applica-
tions [2-4].

The actual microemulsion is a ternary system com-
posed of PFPE-oil (O), PFPE-surfactant (S) and water

(W). The chemical composition of the perfluoropolyether
compounds is reported in {5, 6].

The phase diagram of the system, at T = 20°C, is
shown in Figure 2. The continuous line indicates the
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Figure 1.

Water-in-oil microemulsion droplet (schematized).

T=20°C

0

Figure 2.

Phase diagram of Perfluoropolyether oil (O), per-
fluoropolyether surfactant (S) and water (W)
ternary system (fractions by weight).

domain within which fluid, homogeneous and transpar-
ent monophasic samples are found for water contents
< 17.7% and surfactant-to-oil weight ratio (S/O) in the
range 0.05 to 0.48.

PFPE w/o microemulsions of the monophasic domain
are characterized by an electrical conductivity that in-
creases from 0.05 to 0.4 S/m as the oil-to-surfactant (O/.S)
weight ratio decreases from 5.67 to 1.22 [7].

Structural analysis by light scattering [7,8] and NMR
[9] studies, have confirmed the existence of w/o structural
aggregates consisting of droplets with dimensions in the
range 3 to 6 nm.

2. METHODS

The monophase region depicted in Figure 2 was inves-
tigated first by moving along lines that are the loci of
samples characterized by the same water-to-surfactant
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(W/S) weight ratio and, secondly, by crossing the above
region also along lines with a constant S/O weight ratio.

The dielectric study was carried out in the frequency
range 5 Hz to 100 MHz. Two Hewlett-Packard imped-
ance analyzers were used, Model 4192, in the low fre-
quency and Model 4815 A in the radio frequency range.
In both cases the measured parameters were the imped-
ance magnitude |Z| (§2), and the phase angle ¢ of the
dielectric cell filled with the sample [10,11]. Two sample
holders, both temperature controlled, were built specif-
ically devised to suite the prerequisite of low frequency
and radio frequency measurements. A four-terminal cell,
with rectangular gold electrodes at fixed distance, was
used with the LF instrument and a cylindrical volume
independent cell, with stainless steel plane parallel elec-
trodes and variable spacing, was adopted in connection
with the RF instrument. In both cases roughened elec-
trodes were used to minimize polarization impedance.
Pressure-induced effects were also prevented.
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Figure 3.

Equivalent circuit of the system sample holder
plus PFPE microemulsion sample.

A great deal of effort was devoted to define the ap-
propriate equivalent circuit of the system measuring cell
with microemulsion sample, because of the high electri-
cal conductivity of the system under test. The equivalent
circuit of the cell system is shown in Figure 3.

The cell constants and the values of the parasitic ele-
ments obtained through a careful calibration are reported
in Table 1. The set of equations used in the calibration
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procedure and the dielectric analysis is given in Appen-
dix A. Greater details on the measuring technique and
the calibration method can be found in [11].

Table 1.

Values of parasitic elements and cell constants
obtained by calibration,

W,/S=0.35
150
2
WOO r e" AA/’A\A\
4
A .
50+ ( A,
4 M
" ! e X X
. o—eee——9"9 :
O "% 7 & o
(a) Log F
4—00 T T
3 e 1) W: ©0.089 (wt/wt)
390 mA 0/6: 3.00 (wt/wt)
300 ¢ “A 2) W: 0.15 (wt/wt)
250 b A o/s: 1.22 (wt/wt)
./_OO r \x\
150 ¢ \4
100 F ‘A\
50 [ C'l ".. . A\\:=
O ' 1 Fl

LF cell RF cell
C, (pF) 2.2+0.3 6.80 + 0.04
L, (nH) 128.0+0.5 | 30.6+0.5
R, (Q) |[0.110+0.007 | 0.60 4 0.01
k(1072 m) | 4.9640.03 | 36.140.1
w/5=0.30
250
€' [ € 202 + 4
200 #\L\A‘\ €n 63
N To(ns) 39+2
N« 0.64 £ 0.02
150 ¢ N
0/s = 1.71 Y
100+ w =o.101 \*‘
50 I n = f\
€ e
Oy % 5 8 o
(a) Log F
>
120 €1 104 £ 2
1 €n 10£6
B T nine) T3+1
\a 0.87 % 0.05
80 )

40 + o/s = 0.87 b
W = 0.138 " Wﬁ%
€'y

é/ ;
S S T d- e
(o) Log F
Figure 4.

Maxwell-Wagner relaxation of PFPE w/o mi-
croemulsions along the line W/S§ = 0.3. Trian-
gles and circles: experimental points; continuous
line: best fit calculated curves. The values of the
parameters of Equation (5) of Appendix A, are
also given.

3. RESULTS

The results of the dielectric analysis are summarized in
Figures 4 to 6 for microemulsion samples with constant

4
(b)

Log F

Figure 5.

Maxwell-Wagner relaxation of samples along the
line W/5 = 0.35. Note the frequency shift of the
relaxation maxima.

W/S weight ratio and different O/S ratios as well as wa-
ter content. The experimental ¢ and ¢’ data, at each
frequency, were obtained from Equations 1 and 2 of Ap-
pendix A. The continuous lines of Figures 4 to 6 represent
the functions €'(f) and ¢’(f) (Equation (5) of Table 2),
as obtained by the fit program Minuit (CERN Library).
Samples with composition in the range W/S < 0.3 and
0/8 £ 5.6, do not exhibit any dielectric relaxation in the
frequency interval investigated. Moreover, the electric
conductivity vs. temperature does not show any peculiar
trend, but a smooth increase of about one order of mag-
nitude as the temperature is raised from —10 to +40°C,
as shown in Figure 7. Samples with composition in the
range 0.2 < W/5 < 0.39 and 5.6 < O/S < 0.9, display
a Maxwell-Wagner relaxation due to interfacial polariza-
tion in a frequency range typical of w/o microemulsions.
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Figure 6.
The same as in Figure 5, along the line W/5 = 0.39.

The values of the dielectric parameters can be inter-
preted by means of the Hanai model for a statistical dis-
tribution of non-interacting spherical particles in an in-
sulating liquid matrix, the oil, with a very low volume
fraction of the dispersed phase [12], only for very dilute
w/o systems with a volume fraction of conducting medi-
um < 0.1.

Moving along lines of constant W/S ratio toward a
more concentrated region, large ¢ and ¢’ values and a
frequency shift of the relaxation maxima can be observed
(Figures 5 to 6); moreover a variation of several orders of
magnitude in the electrical conductivity vs. temperature
was recorded (Figure 8).

The findings of large dielectric values, the conductiv-
ity behavior and the frequency shifts of the relaxation
maxima, are highly suggestive of a percolation type of
transition {13].
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Electrical conductivity vs. temperature. Sam-
ple composition 1.9% of water, W/S = 0.13 and

0/S = 5.6T.
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Figure 8.

Behavior of the electrical conductivity against
temperature for a sample of composition. W/5 =
0.39, O/S = 3 and 8.9% of water by weight.

4. PERCOLATION STUDY AND
DISCUSSION

Specifically, percolation implies fluid that passes through
an inert random medium: ‘water percolates through sand’.
Broadbent and Hammersley (1954) [14] introduced for
the first time lattice models to describe the flow of a
fluid through a static medium and showed that no fluid
will flow if the concentration of the active medium,the
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fluid, is smaller than some non-zero value. The latter
was called ‘percolation threshold’ and the phenomenon
‘percolation transition’. Later on, the percolation theory
was used conceptually and theoretically to describe al-
so the mechanism of electrical conduction and transport
properties in inhomogeneous media, both solid (metal-
non metal) and liquid, (two-phase systems in which one
phase is electrically conducting and the other one is ei-
ther nonconducting or possesses a much lower degree of
electrical conductivity) [13, 14].

In order to have a percolative behavior, the main point
consists in the degree of connectedness of the conduct-
ing phase through the system’s insulating phase. The
latter depends on the concentration, by volume, of the
conductive components which, in turn, depends on the
dimension of the conducting regions with respect to the
mean free path of the charge carriers as well as on the
presence of short range interactions between the aggre-
gates.

Short range interactions play a fundamental role in flu-
id inhomogeneous systems because they favor the clus-
tering process via the aggregation of dispersed particles
of the conducting phase, thus leading to the formation of
a continuous cluster connecting the system.

Whether or not a system percolates can be established
only by verifying if the experimental data follow the scal-
ing laws that describe percolative processes as obtained
from phase transition and critical phenomena theories
[15].

Efros and Shklovskii [14] have also shown that a sharp
increase in the static permittivity es(w,®) near the per-
colation threshold &, can be observed at any non-zero
frequency if only the dc conductivity of the dielectric me-
dium is much lower than that of the conducting phase.
As the volume fraction of the conducting phase of the
two-component system approaches the percolation thresh-
old, €, should exhibit a symmetric peak-shaped trend.
Moreover, the above authors emphasized that at & = &,,
both the conductivity and the static permittivity con-
stant are functions of the volume fraction of the con-
ducting phase as well as of the frequency.

The theoretically expected behavior of o(®) and €, (P)
vs. the volume fraction of the conducting phase, is re-
ported in Figures 9(a) and (b). For w/o microemulsions
it has been shown that these systems can go through a
percolation transition either when the volume fraction @
or the temperature T is varied [16, 18]. If the percolative
volume fraction ($,) is a slowly varying function of the
temperature, then both ¢, and o are homogeneous func-
tions of & and T. The exponents of the scaling laws are
therefore expected to be identical with those measured
as the droplet concentration is varied.

log(o)

%) Oy ¢
Figure 9.
(a) Theoretical trend of conductivity vs. volume
fraction of the conducting phase $. $p: percola-
tive concentration. Curves (1) and (2), below
and above $p respectively, correspond to the re-
lations o($) reported in Appendix B. A smooth
transition occurs from (1) to (2) in a very narrow
concentration interval (A) in the neighborhood
of the percolative concentration. (b) Theoretical
trend of the static permittivity against the vol-
ume fraction of the conducting phase. See [14].
Symbols were unified according to Appendix B.

Under the hypothesis that the microemulsion is a bina-
ry mixture with a complex permittivity e* = ¢;, —01 /weg,
where, ¢ = 1,2, o3 = 0 and |e]| > |e;| then the system
undergoes through a percolative transition if the scaling
laws reported in Appendix B are verified.

The values of the exponent u and s, define whether the
process is percolative and the type of mechanism involved
namely static 4 ~ 1.5 t0 2.0, s ~ 0.6 to 0.7, and dynamic
u~15t%t02.0;s~1.2.

For w/o microemulsions a percolative picture for the
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transition involves, in any case, the formation of clusters
of water globules which are sufficiently close to each other
so that an efficient transfer of charge carriers between the
globules may occur.

In static percolation, the globules coalesce leading to
the formation of a doubly continuous structure in which
the system is connected through continuous water chan-
nels.

In dynamic percolation, the globules do not lose their
identity. Clusters may form in presence of attractive
interactions. In w/o microemulsions clusters continu-
ously rearrange themselves because of Brownian motion.
Therefore a charge can propagate by either hopping to
a neighboring globule, or via the diffusion of the host
globule.

A result of percolation transition analysis of the tem-
perature dependence of both the conductivity and the
static permittivity of PFPE w/o microemulsions exper-
imental data, performed in terms of scaling laws and
evaluation of the scaling exponents, is reported in Fig-
ure 10(a) and (b), for two different samples. Our findings
strongly support the presence of percolative behavior of
the actual system. The values of the exponents calcu-
lated support also that a dynamic type of percolative
process is involved [19].

Further work on the characterization of the percolation
transition of perfluoropolyether water-in-oil microemul-
sions, as a function of the volume fraction & of the dis-
persed conductive phase, will be published elsewhere.

5. APPENDIX A

A dielectric material contained between the plates of
an ideal parallel - plate capacitor can be represented by
an equivalent parallel RC electrical circuit having capac-
itance

C = kege' (1)
and conductance
G = wkeoe' + ko (2)

where € is the permittivity of free space, ¢ — je” is the
complex permittivity of the medium (j2 = —1), ¢ is the
frequency invariant contribution to the conductivity, w is
the angular frequency (27 f) and k is the cell constant de-
pending only upon the cell geometry for such ideal case.
In our case a stray capacitance C, has to be added in
parallel to the previous circuit and a self - inductance L,
and a resistance R; have to be added in series [11]. In fig.
3 the electrical equivalent circuit is drawn. At each fre-
quency the latter circuit can be described as an RC paral-
lel, say R Char; as the experimentally measured quanti-
ties are the impedance magnitude |Z| and the phase angle
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Figure 10.

Percolation analysis. Typical temperature de-
pendence of: (a) the electrical conductivity. Note
the change in conductivity of about four or-
ders of magnitude. To be compared with the
o(T) behavior reported in Figure 7 for a non-
percolative sample, in the same temperature in-
terval. (b) The static permittivity. Dots: exper-
imental points.

@, then Rpr = |Z]|/cosp, Cu = —singp/w|Z|. Equating
the circuit shown in fig. 3 to the RpChps circuit, the
sample resistance R = 1/G and the sample capacitance
C can be calculated as follows

R= Ry — R,b wz(bL, + 7'1\,[121\,{)2 (3)
B b b(Rar — R,b)
bL R
C = s + T iy e, (4)

(RM - Rsb)z + w2(bL_q -+ TMRM)Z
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where Tar = RpCp and b = 1+ w?7Z,. The trend of ¢
and ¢’ vs. frequency typical of the dielectric absorption
due to the interfacial polarization (or Maxwell - Wagner
polarization) is

€ — €p

1+ (juwrs)® (5)

6/-—j€”:€h+

In the latter equation ¢; is the real part of the dielectric
permittivity extrapolated at zero frequency (static per-
mittivity of the sample), €, is the plateau high frequency
value of €/, 7, is the relaxation time and « is the spread
parameter.

6. APPENDIX B

For what concerns the scaling laws for percolative pro-
cesses we recall that in case of a percolation transition
characterized by a percolation threshold &, or T, the
static dielectric constant and the conductivity of the mi-
croemulsion follow the scaling laws here summarized For

& < &, (before threshold)

€ = A€y (Pgp — P)™° (6)
0= Aoy(Pep —F)° )
For & > &, (after threshold)
€5 = c162,(P — Dgp)”° (8)
g = C10’1(@ — écp)# (9)
For T < T, (before threshold)
€ = Bego(Typ — T)™° (10)
0 = Boy(Tey — T)7° (11)
For T > T, (after threshold)
€5 :Bl€zs(T—po)_" (12)
o = BlUg(T—TCp)‘U' (13)

where & is the volume fraction of the dispersed phase
(water+surfactant/total); the lower-case subscripts d and
¢ stay for dielectric and conductive. The exponents s
and p define whether the process is percolative and the
type of mechanism involved. For static percolation p ~
1.5 — 2.0 and s ~ 0.6 — 0.7; for dynamic percolation
@~15—2.0and s~ 1.2.
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