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Relative Dielectric Constant Measurements in the
Butyronitrile-Chloroethane System at Subambient Temperatures

Robin B. Michnick*< Kevin G. Rhoads, and Donald R. Sadoway*

Department of Materials Science and Engineering, Massachusetts Institute of Technology,
Cambridge, Massachusetts 02139-4307, USA

ABSTRACT

. By means of electrochemical impedance spectroscopy, the relative dielectric constant was measured as a function of
composition and temperature in the butyronitrile-chloroethane system from —35 to —105°C. A customized cell was
designed by iterative optimization; the equivalent circuit was used to assess the impacts of the electrical properties of the
sample, the limitations of the instrumentation, and the data reduction technique. To account for strong local ordering
effects due to molecular association in these solutions, a new model, termed “extended Kirkwood-Onsager” (EKO), was

developed. For solutions rich in chloroethane, structural features are inferred with this model.

Introduction

As part of a systematic study of the physical chemistry
of butyronitrile (BN), chloroethane (CE), and their solu-
tions, the relative dielectric constant was determined as a
function of temperature and composition by electrochem-
ical impedance spectroscopy (EIS). Growing awareness of
the potential advantages of processing materials at sub-
ambient temperatures had stimulated interest in eryogenic
electrochemistry.®® This work was conducted within the
framework of a search for liquids that can serve as low-
temperature electrolytes for the electrochemical modula-
tion of superconductivity in cuprate materials, such. as
Ba,YCu,0,_,. 2

The relative dielectric constant of BN has been studied
by a number of authors'? at and near room temperature.
Values of the relative dielectric constant of CE as a func-
tion of temperature have been reported by two authors.**
This work extends the temperature ranges of the relative

* Electrochemical Society Active Member.
* Present address: Dynamics Research Corporation, Wilmington,
MA 01887, USA:

dielectric constants for pure BN and CE and measures the
dependence of the relative dielectric constant of the bina-
ry solutions as a function of temperature and composition.

In order to cope with the high specific impedances of
these liquids while minimizing stray capacitance, a cus-
tomized apparatus was designed. This paper describes the
apparatus, reports the measured values of the relative
dielectric constant as a function of temperature and solu-
tion composition, and interprets the results using a modi-
fication of the Kirkwood model.

Experimental

In the experience of the authors, it was found that opti-
mal design of an experiment for EIS measurements derives
from focusing on the electrical characteristics of the sys-
tem and the relationships among cell design, experimental
protocol, and data reduction (see Fig. 1). The complex
interplay among these various factors is quantified by the
equivalent circuit.

The equivalent circuit is a mathematical and physical
model of the electrical behavior of an electrochemical sys-
tem. There are three representations of the equivalent cir-
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experimental
protocol

data
reduction

Fig. 1. Venn diagram showing relationships among factors in
making elecirical property measurements.

cuit: physical, graphical, and mathematical. A physical
representation, a breadboard, is constructed of discrete cir-
cuit elements, e.g., resistors, capacitors, inductors, diodes,
delay lines, etc. A graphical representation is a circuit dia-
gram consisting of idealized elements. A mathematical rep-
resentation is a set of equations expressing the behaviors
both of the network and of the idealized elements. The ele-
ments and their arrangement, the network, are chosen so as
to mimic the anticipated electrical behavior of the electro-
chemical system. The choice of elements need not be re-
stricted to passive linear lumped-parameter elements; non-
linear electrode kinetics and spatially distributed effects
such as diffusion-controlled mass transport can be repre-
sented with subcircuits and distributed elements, e.g.,
transmission lines and op-amp subcircuits. The test for
equivalence is the comparison of the measured response of
the electrochemical system to the response of the equiva-
lent circuit under identical stimuli. The equivalent circuit
in conjunction with the anticipated value of specific prop-
erties of the specimen is then used iteratively to design the
experimental cell and protocols, to present the raw data in
their most useful form, and to analyze the data. The value
of using the equivalent circuit as a link among the different
aspects of experimental measurement and interpretation
can be found in the present investigation.

The objective of this study was to measure the relative
dielectric constant of the BN-CE system. The measure-
ment of intensive properties, e.g., relative dielectric con-
stant or resistivity, is accomplished by measuring the
related extensive properties of a sample, i.e., capacitance
or resistance, respectively, where these are related by the
geometry of the measuring cell. In its most basic form, a
capacitance cell consists of a pair of electrodes immersed
in the liquid under investigation. In this study, parallel-
plate electrodes were chosen for the capacitance cell, and
EIS was chosen as the fundamental measuring technique.

To conduct EIS measurements, an ac stimulus is applied
to the electrodes over a range of frequencies, and the elec-
trical response is measured. The stimulus can take the form
of either a voltage, in which one measures the current
response, or a current, in which one measures the voltage
response. In this study, voltage excitation was used and its
magnitude set at a value below the decomposition potential
of the liquid. Under these conditions, the electrical behavior
of the capacitance cell can be modeled by the equivalent
circuit shown in Fig. 2. Note that the expected contribu-
tions of the lead wires have been included. The value of the
relative dielectric constant is contained in the response of
element, Cs, the solution capacitance; however, it is impos-
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Fig. 2. Equivalent circuit of electrical property measurement.

sible to measure this alone. The measurement includes the
contributions of all the elements of the equivalent circuit.
By modifying the cell design, the experimental protocol,
and/or the method of data reduction (the principle elements
of Fig. 1), the electrical responses of the obstructing ele-
ments are minimized or eliminated and the electrical
response of the desired element is enhanced. The following
paragraphs describe how these approaches were applied.

Modifying cell design.—The magnitudes of R,, the lead
wire resistance, and L., the lead wire inductance, are min-
imized by using short lead wires, which has the added ad-
vantage of minimizing stray capacitance, Cp, arising from
their interaction. Cp is also minimized by the use of coax-
ial cables for the segments of lead wire running from the
instrument to the cell cap. By judicious choice of electrode
geometry, the magnitude of Cs can be desirably increased
(R, is decreased simultaneously). Furthermore, in some
cases one must consider also adjusting the values of Cs and
R, to ensure that they lie within the measuring range of the
instrumentation. For the parallel plate electrodes used in
this investigation, this is achieved by maximizing the ratio
of electrode area to interelectrode gap.

Modifying cell design and experimental protocol.—
Improving cell design can reduce Ry and L, but it cannot
eliminate their effects. In the cell used here, the impact of
R, on the total measured impedance is negligible over the
frequency range used because the solutions under investi-
gation are so resistive. In contrast, the impact of L, needs
to be further reduced, and this is achieved through modi-
fication of the experimental protocol. Hence, the wires
running from the instrument to the cell cap are twisted
together to reduce the area of the inductance loop, and the
selected frequency range of the ac excitation voltage is
chosen to reduce the magnitude of the associated imped-
ance, i.e., jwL,. The frequencies required to measure Cs for
the solutions under investigation are low enough that the
impact of Ly can be made negligible.

Modifying experimental protocol.—The frequencies'
selected for the experiment also affect the magnitude of
the impedance of the double-layer capacitance, Z., =
1/jwC,. In our cell, the value of C, is estimated to be on the
order of 100 pF, several orders of magnitude greater than
Cs. In this investigation, over the range of frequencies
required for the measurement of Cs, the impact of the C, is
negligible.

Modifying cell design, experimental protocol, and
method of data reduction.—Shortening and separating the

* lead wires running from the cell cap to the electrodes min-

imizes Cp. Also, driven shields minimize the contributions
to Cp from coaxial cables. Unfortunately, the measuring
instrument used in this study, the Solartron Model 1260
frequency response analyzer, does not readily lend itself to
operation with driven shields. Hence, magnetic reed
switches were placed between the ends of the lead wires
and the electrodes to allow measurement of Cp by con-
trolled interruption of the electrical circuit. By making
measurements with the switches in the open and closed



positions, the effect of C, can be effectively eliminated
during data analysis (see Fig. 3).

Final cell design.—The capacitance cell designed in the
light of these considerations is shown in Fig. 4. The large
ratio of electrode area to interelectrode gap was achieved
by use of multiple, closely spaced, parallel-plate elec-
trodes. Such an electrode structure is commercially avail-
able in the form of an air variable capacitor, (Hammarlund
Model MAPC-75), in which the electrodes are made of
nickel-plated brass. Both the large number and the close
spacing of the electrode plates reduces the impact of the
fringing fields. This is especially advantageous in elimi-
nating sources of error derived from differences in electri-
cal behavior between the calibration solution and the
solution under investigation.

The BNC cables from the frequency response analyzer to
the cell cap (E) were made as short as physically possible,
30 cm. The lead wires from the cell cap (E) to the electrode
structure (H) were also made as short as possible, approx-
imately 30 cm. Also shown in Fig. 4 are the two magnetic
reed switches (I) mentioned previously.

The remainder of the cell is composed of an outer glass
chamber topped with a stainless steel cap (E). The cap has
five ports. The two electrode lead wires (A) were each
sealed by epoxy into glass tubes which were fed through
two of these ports. In order to be able to attach the cables
from the measuring instrument reproducibly to the lead
wires, notched copper fixtures (B) were soldered to their
ends. Two ports accommodated closed-one-end glass tubes
(C) which acted as guides for ALNICO™ magnets (G) that
operated the magnetic reed switches (I). The last port,
shown plugged in Fig. 4, accommodated a funnel used
during charging of the cell. Through the use of compres-
sion fittings, the cell was rendered vacuum tight. Two
valves (F) were welded to the cap for venting and vacuum
drying the cell.

Solution preparation.—Prior to mixing, the two liquids
were dried. BN was dried by successive application of dry-
ing agents. First, reagent grade liquid was poured onto a
3A molecular sieve and allowed to dehydrate for a mini-
mum of 18 h. The liquid was then decanted and poured
onto a new 3A sieve and again left for 18 h. This procedure
was repeated twice more using activated alumina pellets
as the desiccant. BN prepared in this manner exhibited an
electrical conductivity of 1 x 10~ S/cm at room tempera-
ture. This compares favorably with the value of 5 x
107* S/cm for BN prepared by distillation.® Clearly, the use
of drying agents renders a liquid of superior purity, i.e.,

Fig. 3. Reduced equivalent circuit.

BNC cables with alligator clips

1260 FRA
1
computer

Fig. 4. Cell for measurement of electrical properties of highly
resistive liquids.

lower residual water levels. CE was dried by condensing
the gas on a 3A molecular sieve.

The compositions investigated were pure BN, 78.90 mole
percent (m/o) BN, 56.91 m/o BN, 40.02 m/o BN, 18.35 m/o
BN, and pure CE. The samples were measured by weight
and mixed in a nitrogen-filled glove bag. Because CE is a
gas at room temperature, the samples were kept cool in an
external liquid nitrogen bath during mixing. Once mixed,
the solutions were kept in sealed flasks at —30°C until use.

Protocol.—A typical experiment is conducted in the fol-
lowing manner. The capacitance cell is cleaned with dis-
tilled water and vacuum dried for at least 12 h. The cell,
solution to be measured, and funnel are placed in a glove
bag filled with dry nitrogen. To prevent drift in composi-
tion due to vaporization of CE, an external liquid nitrogen
bath is used to cool the glove bag and its contents. Once in
the dry nitrogen filled glove bag, one of the side valves (F)
is opened and the Teflon® plug (D) is removed. The funnel
is placed in this opening and the solution poured in. The
plug is then replaced, and the valve shut. The cell is now
removed from the glove bag and placed in the cryostat’ the
temperature of which has been set at a value of —35°C.
Within 15 min thermal equilibrium is achieved.

The measurement begins with the lowering of magnets
(G) to open the magnetic reed switches (I). Impedance is
measured. The magnets are then raised and impedance
measured three times. In data analysis, at each of many
frequencies the differences are computed in the measured
admittances with the switches open and closed and then
inverted to give the impedances of the solution alone. The
temperature is then lowered to the next set point value,
and after a period of 15 min, the procedure is repeated.
The temperature set points were —35°C (238 K), —50°C
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(223 K), —65°C (208 K), —80°C (193 K), —95°C (178 K), and
~105°C (168 K).

Calibration.—The cell was calibrated to determine the
value of the cell constant, G. First an impedance measure-
ment was made with the cell under vacuum. The capaci-
tance of the cell was extracted from these data. The cell
constant was computed by taking the measured capaci-
tance of the cell divided by the known dielectric constant
of vacuum. As a confirmation, the same procedure was
repeated with methanol.*'? From both vacuum and
methanol measurements made at different temperatures, it
was demonstrated that G is invariant with temperature
over the range of interest.

Instrumentation settings.—The instrumentation para-
meters were set by a personal computer using the Z60
impedance program (Scribner Associates, Inc., Charlottes-
ville, VA). The frequency was set to vary logarithmically
descending from 1 MHz to 500 Hz with 10 points per
decade. The generator output was set for 300 mV with no
bias. Voltage measurements were made on a 300 mV scale;
current measurements were made on a 600 A scale. Data
were taken for a fixed integration time of 5 s following a
three-cycle delay. In the special case of vacuum calibration
the generator output was increased to 2.8 V, and the volt-
ages were measured on the 3 V scale.

Data analysis.—At the conclusion of the experiment, the
raw data consist of paired sets of measurements taken
with the magnetic reed switches opened and closed. These
data are treated by subtracting admittances, Z '(w).

The values for the C, and R, were determined using a
least squares fitting package, ZSIM (Scribner Associates,
Inc., Charlottesville, VA) in conjunction with LEVM (J.
Ross Macdonald, University of North Carolina, Chapel
Hill, NC) to fit the data to the subcircuit located between
the switches in Fig. 3. Typical measured and fit data are
shown in Fig. 5 where the excellent agreement between
model and measurement is clearly evident over an
extremely wide range of frequency. The relative dielectric
constant, €, was computed from values of capacitance by
the following relationship

Cnmp]e € € G
0T - 1
C G [

vacuum

where €, is the permittivity of free space and G is the value
of the cell constant.

Results and Discussion

The values of €, computed from measurements are shown
for pure BN in Fig. 6 and pure CE in Fig. 7. For BN no
direct comparison is made with results reported in the lit-
erature. As can be seen in Fig. 6, the temperature range of
this investigation was distinctly different from those of the
other studies.!?

For CE there is some discrepancy between the results of

. previous studies.*® Although there is minimal overlap in
temperature range, the temperature dependence observed

O measured values

—— fitted dara
0 L L 1 Il
0 500 1000 1500 2000
Z'[Q]

Fig. 5. Measured and modeled values of complex impedance of
pure BN.
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Fig. 6. Temperature dependence of the relative dielectric constant
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of pure CE.
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Fig. 8. Dependence of the relative dielectric constant on temper-
ature and composition in the BN-CE System.

in the present investigation more closely mirrors that of
Nickerson and McIntosh.® ’

The variation of ¢, with composition and temperature is
shown graphically in Figure 8 and is tabulated in Table L
The values of estimated total error are +0.26 in ¢, £0.15°C
in temperature, and +0.05 m/o in composition.

As is the case with pure BN and CE, at constant compo-
sition €, of the binary solutions increases as temperature
decreases. This behavior is consistent with the expected

Table I. Measured values of Ihg relative dielectric constant.

Composition
(m/o BN) —-35°C -50°C -65°C -80°C -95°C -105°C

100.00 31.87 3433 36.98 39.85 43.02 45.17
78.90 28.94 31.23 33.71 36.44 3948 41.64
56.91 25.54 27.61 29.89 3242 3525 37.25
40.02 22.38 2430 2639 28.68 31.30 33.14
18.35 17.86 19.42 21.13 23.03 25.21 26.77
0.00 13.33 1451 15.80 17.25 18.91 20.13
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changes in density and thermal energy. The isothermal
variation with concentration is nearly linear with a simi-
lar curvature at all temperatures measured. The deviation
from ideal mixing can be expressed in terms of the excess
relative dielectric constant, €, defined as

E:.s = €measured — LenEBN — Lce€cE [2]

where x is the mole fraction. The isothermal variation of
€® with composition is shown in Fig. 9. Positive values of
€ show that the dipoles in solution align to give a greater
net moment than that predicted by ideal mixing."*** As
temperature decreases, the magnitude of the maximum of
the isotherm increases. The maxima of all the curves lie
near 50 m/o BN. In the following section a modified
Kirkwood model is presented in order to support the inter-
pretation of these results.

Extended Kirkwood-Onsager model.—The relationship
between atomistic properties of molecular species and the
continuum properties of the bulk material can be viewed
as a combination of several effects. Without accounting for
local ordering, Onsager relates local molecular-level elec-
tric fields to continuum macroscale electric fields. Kirk-
wood accounts for local ordering under the assumption
that all local ordering is diffuse, i.e., the Onsager-comput-
ed dipoles remain unchanged. When there is molecular
association (as is the case with solutions of BN and CE),
the dipole moments of the associated species will clearly
be different from those of free (unassociated) species. This
manifests itself as another form of local ordering: strong,
not diffuse. In the present investigation a new model,
termed “extended Kirkwood-Onsager” (EKO), was devel-
oped to account for strong local ordering effects due to
molecular association. The interpretation of the dielectric
behavior of associated solutions requires the use of all
these models in combination.

The temperature dependence of €. can be expressed by
the Kirkwood equation,'® written here in SI units

(. = 1)(2e, +1) _ i[a " g_pﬁ*] 3]
3e Ve, 3kT

T

where p is the molecular dipole moment in the liquid, g is
the Kirkwood correlation factor, « is the polarizability (a
measure of the distortion polarizations, electronic and
atomic), N is the Avogadro constant, k is the Boltzman
constant, T is absolute temperature, and V is the molar
volume. Kirkwood accounts for local ordering about each
dipole through the correlation factor, g, under the assump-
tion that the values of the dipole moments for the various
species remain unchanged. In the presence of molecular
association, the values of the dipole moments cannot be
assumed invariant; in this case the Kirkwood equation
allows determination of only the cumulative effect of all
ordering, embedded in the quantity, gu*.

In the absence of molecular association the value of n
can be computed by the Onsager relationship’

4 T T T T
) —&— -105°C
d tem, 4
ﬁrﬂlll‘ pent.urg -O- —'sﬂc
1 -= -so°c |
o -35°C
—& —45°C
. —— so°c ||
e
L 1 1 1
00 02 04 06 08 10

mole fraction butyronitrile

Fig. 9. Dependence of the excess relative dielectric constant on
temperature and composition in the BN-CE system.
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where n is the refractive index (typically the value at the
sodium doublet multiplied by 1.1 where the additional
10% accounts for the atomic polarization effects) and p., is
the value of the dipole moment as measured in the gas. The
value of the correlation factor, g, determined under these
conditions is a measure of diffuse local order in the liquid.
However, when association occurs the attendant strong,
local ordering is reflected in the value of . This is in addi-
tion to any diffuse, local ordering which is reflected in the
value of g. In this case, the value of . cannot be computed
by Eq. 4 alone. Hence, in this investigation gp* was found
for BN-CE solutions solely from Eq. 3 using values of ¢,
measured at different temperatures. For pure BN and pure
CE, the temperature dependence of the molar volume was
calculated by the correlation

A

p= B -(t/en®

[5]
where p is density, T is temperature, and A, B, C, and D are
coefficients whose values were determined by regression
of selected values in the literature and are reported in
Daubert and Danner.'® Values of refractive index, n, were
obtained by linear extrapolation of values reported at
room temperature.*! Values of the dipole moment as meas-
ured in the gas, p,, were taken from Daubert and Danner."
For binary solutions of BN-CE, there are no data for the
variation in molar volume with composition and tempera-
ture; accordingly, the temperature dependence of the
molar volume was calculated from the weighted, mole-
fraction average of the pure components. As a conse-
quence, in this analysis all effects due to deviations from
ideal mixing in these solutions are assigned to the gp’
term. The results are reported in Table II. Finally, diffuse
and strong local ordering effects were separated by a
method representing an extension of the Kirkwood model,
a description of which follows.

Most generally, for a multicomponent solution, the value
of gpu® can be expressed in terms of the sum

gh = ) Ty (6]

where Z is evaluated over each molecular species present
in the solution, x; represents the mole fraction of i, p; is its
dipole moment, and p.,, represents the net dipole moment
of the environment acting on species i. This last quantity
is given by

Kenv = 2 TG, [7]

where g, is the correlation factor of i.

In the binary system, BN-CE, the following twe assump-
tions were made about speciation. First, BN and CE react
to form the 1:1 complex, BNCE, according to the equation

BN + CE - BNCE (8]

It is further assumed that this reaction goes to completion;
hence, the mole number of BNCE can be calculated from
simple stoichiometry. There is ample evidence of strong
association in these solutions. For example, the measured
phase diagram has a deep eutectic trough, and the shape

Table Il. Values of gp* determined by the Kirkwood equation.

Tpy gp* (Cm)*

1.00 9.58 x 107%
0.79 8.68 x 107%
0.57 7.62 X 107%°
0.40 6.73 X 107
0.18 5.32 X 107%
0.00 3.89 x 107%°



of the liquidus can be modeled as an associated solution
containing 1:1 stoichiometric complexes.'® Furthermore, it
is assumed that BNCE and unreacted CE mix ideally, an
assumption that is also supported by the results of ther-
modynamic modeling."

Second, pure BN is known to form the bimolecular
species (BN),, according to

2BN = (BN), [9]

In contrast to the reaction in Eq. 8, the reaction to form so-
called (BN), self-associates is assumed not to go to com-
pletion. The relative amounts of BN and (BN), are given by

K = amm,f G%N [10]

The experimental results are interpreted within this
framework and are summarized in Table III. Consider first
CE-rich solutions which, according to the two assump-
tions, should consist of BNCE and CE. Under these cir-
cumstances, Eq. 6 is written as

gu’* = ZcghcpPenv T TancEPBNCEMeny (11]

where z.; and Tgyc represent the mole fractions of CE and
BNCE, respectively, following the reaction between BN
and CE according to Eq. 8, and p..,, is given by

. Benv = TeebceGcE + TpncelencedsncE (12]

For pure CE, in which there is no evidence of molecular
association, the value of ey can be calculated by Eq. 4
using data for pure CE. From this, gce can be determined
from the value of gu* measured in this study. The resulting
value of g = 0.83 is slightly less than unity, and thus sug-
gests a net antiparallel alignment of the molecules,
although the effect is expected to be small.

For CE-rich solutions, one can use the measured values
of gu? at Ty = 0.40 and 0.18 in order fo estimate values of
Rence = 2.33 X 107 Cm and gpyce = 0.121. The computed
value ppnce = 2.33 X 107 Cm is greater than the sum of
the dipole moments of its two molecular components, BN
and CE. Thus, it should not be surprising that there is sig-
nificant antiparallel alignment around the BNCE com-
plex. In the absence of ferroelectric poling effects, it is
energetically favorable for dipoles located equatorially
about a dipole to align antiparallel, while those located
polarly align parallel. Since the total volume of the
species, to any arbitrary radius, partitions unequally with
the larger fraction contained in the equatorial regions, the
expected environmental dipole moment is aligned antipar-
allel. Furthermore, this effect is expected to increase with
increasing strength of the central dipole, since, among
other reasons, the orientation energy will be large in com-
parison to kT. To go beyond this purely qualitative expla-
nation requires a serious molecular-dynamics modeling
effort, something well beyond the scope of this study.
However, it is the opinion of the authors that such a mod-
eling effort here is warranted and quite feasible, as the rel-

Table lll. Summary of electrical properties of
BN-CE binary solutions.
p (Cm) g
CE*® 0.68 x 107 0.83
BNCE"® 2.33 x 107% 0.12
BN ®© 1.36 X 107 Indeterminate
(BN), Indeterminate Indeterminate

s These values were determined by the Onsager and Kirkwood
models, respectively, using gas-phase data and dielectric meas-
urements made on pure CE. -

b These values were determined by the EKO model using dielec-
tric measurements made on CE-rich solutions.

¢ This value was determined by the Onsager model using gas-
phase data for pure BN with the assumption that self-association

_1s negligible.

.

evant volume about a dipole will be small and the number
of molecules therein tractably few.

For BN-rich solutions, the speciation is more complicat-
ed owing to self-association of BN. Figure 9 reveals the
lack of asymmetry in the compositional variation of €7,
i.e., the shape of the isotherm is invariant with tempera-
ture over the entire temperature range of this investiga-
tion. If it is assumed that the dielectric behaviors of BN
and (BN), are distinguishable, then either self-association
in BN is invariant with temperature or the extent of self-
association must be extreme at all temperatures, ie.,
either very small or very large. Otherwise, at high BN con-
centrations one would expect deviation from simple para-
bolic in the shape of the isotherms. However, phase dia-
gram measurements made in this laboratory of the BN-CE
system reveal symmetry in the liquidus on either side of
the deep eutectic trough centered at Tpy = 0.50, the com-
position of the BNCE complex.” This would tend to reject
the possibility that (BN), is the dominant species in BN-
rich solutions. Thus, in the absence of information about
the structure of (BN), (to enable the determination of
e, OF about the distribution of BN and (BN), (the val-
ues of Xy, and xpy at equilibrium), further analysis of
BN-rich solutions gives indeterminate results.

Conclusions

While relative dielectric constant measurements are not
the obvious method with which to study liquid structure,
this investigation has shown that in multicomponent solu-
tions such data can be interpreted with the aid of an
extended Kirkwood-Onsager model to provide insights
into local properties of the molecular constituents. The
EKO model offered herein can be applied to a wide variety
of solutions, including those in which there is a strong
degree of molecular association.
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