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Abstract. The impedance analysis technique has been used to measure the
complex permittivity and conductivity of highly conductive perfluoropolyether
microemulsions. The cell construction details, calibration procedure and
data analysis procedure are reported. Examples of dielectric analysis on

perfluoropolyether microemulsions are given.

1. Introduction

Complex fluids as amphiphile-containing systems exhibit
an interfacial dielectric absorption, when submitted to
an alternating electric field, which occurs in different
frequency ranges depending on the nature of the sys-
tem. For example, emulsions absorb in the kilohertz
range [1, 2], microemulsions in the megahertz range [3—
10]. The purpose of this work is to describe a procedure
for measuring the dielectric absorption of highly con-
ductive perfluoropolyether microemulsions. A few years
ago, some of us found an interesting monophasic re-
gion in the ternary phase diagram of perfluoropolyether
(PFPE) surfactant, PFPE oil and water [11] of samples
having the macroscopic characteristics of microemul-
sions (transparent, isotropic, stable and low-viscosity
fluids). Preliminary analyses pointed out the existence
of highly conductive water-in-oil microemulsions: thus
conductivity investigation [12,13], light scattering [14]
and nuclear magnetic resonance [15] have been used
to characterize the system. We recall the main find-
ings. Aqueous aggregates of size 2-8 nm have been
found [12,14] if at least 4-5 water molecules occur for
a surfactant molecule in the compound. The aggregates
exhibit strong attractive interactions at low water-to-
surfactant (W/S) molar ratio (W/S about 6) whereas the
attraction between aggregates decreases with increasing
W/S ratio. The onset of droplet-formation (detected
by light scattering and NMR), at W/S ~ 6, corresponds
to a conductivity maximum recorded by increasing wa-
ter along lines of constant O/S ratio (oil-to-surfactant
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molar ratio), the conductivity maximum increases from
0.05 to 0.35 siemens per metre as the O/S ratio de-
creases from 5.67 to 1.22. These features suggest in-
vestigation of the whole dielectric behaviour of such
ternary system throughout the monophasic region of
the phase diagram. Furthermore, analysis of the dielec-
tric behaviour at different temperatures is expected to
give decper insight about the interactions between the
aggregates of the W/O (water-to-oil molar ratio) PFPE
microemulsions. In this paper we describe the use of
the impedance analysis technique to detect the complex
permittivity and conductivity of PFPE microemulsions up
to 100 MHz, with particular regard to the construction
of the measuring cells, calibration procedure and nu-
merical analysis. Examples of the dielectric permittivity
trend against frequency are reported for the PFPE W/O
microemulsions.

2. Experimental

2.1. Experimental equipment

The measurements were performed with a Hewlett
Packard 4192A LF impedance analyser in the range
5 Hz to 13 MHz (signal intensity 50 mV to 1 V depend-
ing on the sample conductivity) and a Hewlett Packard
4815A RF impedance analyser in the range 5-108 MHz,
connected to an external frequency counter HPS382A.
The cells (both temperature-controlled) used with these
impedance analysers were, respectively, a four- and a
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Figure 1. Cell design: (a) Lr cell; (b) &F cell.

two-terminal sample holder device with plane and par-
allel electrodes (figure 1). The cell used with the LF
impedance analyser (figure 1(#)) has rectangular gold
plate electrodes (dimensions 40 mm x 9 mm x 1 mm)
with surfaces roughened to decrease electrode polariza-
tion [16] and maintained parallel, at a distance of 3 mm,
by Teflon spacers. The cell fits a cylindrical aluminium
cavity coated with a Teflon layer of thickness 1 mm
and is connected to the LF impedance analyser by the
HP 16043A test leads (‘four-terminal pair’). The four-
terminal configuration is converted to a two-terminal
configuration at the cable end by connecting the high
and low side cables, respectively, via low-impedance
straps to the electrodes in order to minimize parasitic el-
ements; the shields of the four conductors are connected
together and to the aluminium cavity. The electrodes
and the spacers can be easily disjoined to facilitate cell
cleaning. The cell is filled from the top; some care is
required to avoid bubble formation. A small hole in the
upper spacer closing the cell facilitates air outflow. The
measurements are performed at constant volume. Ther-
mal stabilization (£0.1°C) of the sample is achieved by
immersion of the cell in a thermally controlled ethylene
glycol bath whose temperature was checked by a mer-
cury thermometer with 0.1 °C resolution. The geometry
of the latter cell ensures a reasonably fast variation of
temperature; a thermocouple placed inside the cell filled
with a sample has demonstrated that a time delay of
10 min is sufficient to obtain thermal stabilization inside
the cell, for temperatures in the range —10-60°C. The
cell used with the RF impedance analyser (figure 1(b))
has cylindrical stainless steel plate electrodes (dimen-
sions 1.5 mm thickness and 20 mm diameter) with sur-
faces roughened to decrease the electrode polarization
[16]; the distance between the electrodes is 1 mm. The
upper electrode is electrically connected to the case of
the cell which, in turn, is connected to carth in or-
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Table 1. Parasitic elements and cell constant

of the LF and RF cells.

LF cell RF cell
Co(pF) 22403 6.80 + 0.04
Le(nH) 128.0 + 0.5 30.6+05
Rs(Q) 0.110 £0.007  0.60 +0.01
k(1072 m)  4.96 +0.03 36.1 £ 0.1

der to allow volume-independent measurements. The
impedance analyser probe is connected to the cell by
a probe-to-BNC adapter. A thermally stabilized water
flow (£0.1°C) circulates through a glass jacket contain-
ing the cell. Measurement of temperature was by a
platinum probe placed on the cell.

The geometry of the two cells prevents the sam-
ple from pressure-induced effects and is suitable for
small sample volumes; the construction materials are
chemically inert. In the realization of the cells and the
electrical connections care was taken to minimize the
distributed impedances [17-20] due to reactance contri-
butions and Joss effects as well as to extend the lumped
element circuit measuring technique up to 100 MHz
Residual parasitic elements (Stray capacitance Cy, se-
ries inductance L, and series resistance R;) have been
mecasured for the LF and RF cells; the values are re-
ported in table 1. The procedure of measuring the
parasitic elements and the cell constant is described in
section 2.3.

2.2. Determination of the dielectric permittivity

A dielectric material contained between the plates of
an ideal parallel-plate capacitor can be represented by
an cquivalent parallel RC electrical circuit having ca-
pacitance

C = keye (1)
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and condixctance
G = wkeye” + ko (2)

where ¢ is the permittivity of free space, ¢ —je' is the
complex permittivity of the medium (52 = —1), o is
the frequency-invariant contribution to the conductivity,
w is the angular frequency (2= f) and k is the cell
constant depending only on the cell geometry for such
an ideal case. In our case, a stray capacitance (Cy) 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. In figure 2 the electrical equivalent
circuit is drawn. At each frequency the latter circuit
can be described as an RC parallel, say RyCly; as the
experimentally measured quantities are the impedance
! magnitude |Z| and the phase angle 0, then Ry =
. |Z|/cos 8, Cy = —sinb/w|Z|. Equating the circuit
shown in figure 2 to the RyCwy circuit, the sample
resistance R(= 1/G) and the sample capacitance C
can be calculated as follows:

_ RM - Rsb Wz(bLs + TMRM)z
I b( Ry — RoD)

3 ( bLi+ rmRu) b ~
- (RM - Rsb)2 + wz(bLs + 7‘1\41{1\/[)2

where 7y = RyCwu and b = 1+ w?7}. We recall
that the electrode polarization effect is significant from
zero frequency up to a threshold frequency (f,) which
depends on the sample conductivity. In fact the polar-
ization capacitance C), and the polarization resistance
Ry, following Schwan [16], are functions of the fre-
quency according to the relation Cp f~™ where Cpy
and m depend on the sample electrode layer charac-
teristics. Furthermore, as m is positive, both C}, and
R, decrease with a frequency increase; in [16] typical m
values are 0.3 for capacitance and 0.5 for resistance. A
preliminary analysis of the electrode polarization effect
was carried out for each sample studied, in the lowest
frequency range. The Cyy and m values were estimated.
The minimum frequency f;, above which it is reasonable
to exclude the electrode polarization contribution, was
established. The m value is about 0.3 for C, and 0.5
to 0.7 for R,. The values of R and C for each sample
are then obtained by means of Ry and Cy at different
frequencies above f, through equations (3) and (4).
Furthermore, for each sample tested, it is possible to
observe a frequency interval over which the sample be-
haves as a constant resistance R}, in series with the
polarization capacitance, hence the sample conductivity
is obtained as o = ( Ry, — R;)/k. The values of ¢ and
[ €' are then determined from equations (1) and (2).

R (3)

C Co (4)

2.3. Calibration
The following procedure was used to measure the para-
sitic elements (Rs, Ls, Cy) and the cell constant (k).
For the LF cell:

(a) By choosing an aqueous electrolytic solution of
proper conductivity, it is possible to measure L without

o
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Figure 2. Equivalent network of the cell system: R and C
represent the sample resistance and capacitance; As, Ls
and C, are the parasitic elements.

knowing the other cell parameters. An aqueous NaCl
solution [21] of salinity 25% (salinity is expressed by the
weight ratio NaCl/(H; O+ NacCl)) was used and |Z| and
¢ were measured up to 13 MHz. For such a sample,
above f; (500 KHz), the equivalent circuit of figure 2
reduces to a series of Ls, Rs and R. In fact, | Z|sin6/w
is constant up to 13 MHz, demonstrating that the ca-
pacitance contribution is negligible and that the value
of L¢ does not vary with frequency. Then L; is obtained
by the relation Lg = |Z]sin 8 /w. The average of the L,
measurements in the frequency range 500 kHz-13 MHz
is reported in table 1 with its standard deviation. The
same study at salinities 10% and 5% confirms the L,
value, in the frequency range 3-13 MHz. At lower ionic
content C, is lower and f; increases.

(b) R, and k have been measured by means of aque-
ous NaCl solutions with salinity values 0.3%, 0.5%, 1%,
3%, 5%, 10% and 25% [21]. The study of each solution
versus [requency (above f,) suggests that the equiva-
lent circuit is a series of constant self-inductance and
resistance, while capacitive contributions are negligible:
the resistance value was estimated as an average over
measurcments at different frequencies for each sample.
Thereafter a linear regression analysis of the exper-
imental values of the equation Ry = Ry + (ko)7!
was performed to obtain k and R,. The results and
their standard deviations are reported in table 1. The
accuracy of the cell geometry has been evaluated inde-
pendently by repeating the measurements of |Z| and
0 five times at different frequencies (for two different
solutions), repeating every time the cell-filling proce-
dure. An indeterminacy of +£0.3% was found that was
ascribed to the cell constant, the error of k reported in
table 1 takes into account the latter contribution.

(c) The capacitance C+ Cj of the cell filled with di-
electric liquids of known permittivity [22] was obtained
from measurements at different frequencies using the
equivalent circuit of figure 2. For each liquid the av-
erage of the values at different frequencies has been
calculated and reported as a function of the dielectric
permittivity ¢’ of the sample (liquids used were cyclo-
hexane, t-butyl acetate, 1,2-dichloroethane, glycerol and
water). A linear regression analysis of the experimental
data to equation (1) determines k and Cy. Cj and
its standard deviation are reported in table 1, the new
value of k confirms the value obtained in (b).

For the RF cell:

(d) Ls was measured, filling the cell with dielec-
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Figure 3. Measured and calculated complex permittivity
versus frequency (F is frequency in hertz) for a pPFPE W/O
microemuision with W/S = 0.3 w/w and O/S = 1.71 w/w.
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Figure 4. Measured and calculated complex permittivity
versus frequency (F is frequency in hertz) for a Prre W/O

microemulsion with W/S = 0.3 w/w and O/S = 0.87 w/w.
Triangles: ¢'; circles: ¢”.

tric liquids whose permittivity was known and con-
stant over the frequency range of the apparatus [22]
(liquids used were methanol, nitrobenzene, dimethyl
sulphoxide and water). The electrical circuit reduces
to a series of Ry, L; and C + Cp, as R is very
large. Furthermore electrode polarization is always neg-
ligible. Using this simplified circuit, it follows that
w|Z|sind = —w?L¢ + 1/(C + Cy). The plot of
w|Z|sin 6 against w? shows a linear relationship for
all the dielectric liquids used over the whole frequency
range of the RF impedance analyser, demonstrating that
L does not vary with frequency. The L value was ob-
tained by linear regression of the experimental points
for each dielectric liquid and averaged over the several
liquids (results in table 1). The procedure reported in
(a) for the LF cell is less satisfactory in this case; aque-
ous NaCl solutions with salinities 5% and 10% have
been investigated; electrode polarization affects the re-
sults up to 20 MHz. The value found is less accurate,
though consistent with that of table 1.

(e) Rs, Cp and k have been determined as for the LF
cell. Their values and standard deviations are reported
in table 1. The accuracy of the cell geometry is £0.3%,
as for the LF cell, and the error of k takes into account
this contribution.

Chemical fluids used for calibration were NaCl
and methanol from Merck (analytical grade), nitroben-
zene and t-butyl acetate from Merck (by synthesis),
dimethyl sulphoxide from Sigma (reagent grade), cyclo-
hexane from Hoechst-Riedel de Haen (spectranalar),
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Table 2. Dielectric permittivity, relaxation
time and spread parameter of the PFPE
microemulsion samples A (figure 3) and

B (figure 4).
A B
€ 202+ 4 104 £ 2
€n 6+3 10+6
7s{NS) 39+2 741
o 0.644+002 087+0.05

1,2-dichloroethane from Merck (uvasol), glycerol from
BDH (analar). Water is taken from a Milli-Q water
system (Millipore).

3. Results

Examples of measurements of the dielectric permittivity
versus frequency of the PFPE W/O microemulsions are
shown in figures 3 and 4. The samples are microemul-
sions of the ternary phase diagram [11], belonging to
the straight line W/S=0.3 wiv (weight by weight); the
O/S ratio is 1.71 w/w for the sample of figure 3 (sample
A) and 0.87 w/w for the sample of figure 4 (sample B).
The sample conductivity (o) and its standard deviation
are (28.0+£0.2) x 1073 siemens per metre for sample A
and (137 + 1) x 1073 siemens per metre for sample B.
¢’ and €’ have been obtained for each frequency from
relations (1) and (2) above. The error bars (standard
deviation) are drawn except when they are smaller than
the symbol used. The error of the frequency measure-
ment (less than 450 ppm) is negligible. The trend of
¢ and €” versus frequency is typical of the dielectric
absorption due to interfacial polarization (or Maxwell-
Wagner polarization) and the frequency range of the
absorption is typical of microemulsion systems [3-10].
The continuous lines of figures 3 and 4 represent the
functions ¢'( f) and €'(f) [1, 10]:

€1 — €p

1+ (jowrs)e (6)

Gl—jGHZEh-}-

as obtained by the fit program Minuit [23]. In the latter
equation ¢ is the real part of the dielectric permittivity
extrapolated at zero frequency (static permittivity of
the sample), €, is the plateau high frequency value
of ¢, 7, is the relaxation time and « is the spread
parameter [1,10]. Results of the fitting procedure with
their standard deviations are shown in table 2.
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