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DIELECTRIC BEHAVIOR IN NONPOLAR FLUIDS

HE DIELECTRIC constant of a material medium
is a function of state. Upon first analysis this
would suggest dependence of the dielectric con-
stant € or equivalently the refractive index n
(and in these systems for all practical purposes
€ = n?) upon two variables, for example, temper-
ature and pressure. However, there exist the
simple Clausius-Mossotti or Lorentz-Lorenz theo-
ries stemming from derivations now almost one
century old, which describe the dielectric behav-
ior of nonpolar substances solely in terms of the
density :
4
3
4
5.

CM = [(e—1)/ (e+2)]p~" = —— ma, (1)

LL = [(n*—1) / (n*+2) ]p~* = T, (2)
where « is the polarizability.

The interested reader is referred to the review
article by Brown' for discussions of derivation
of above expressions. Briefly, one plausible deri-
vation follows from an assumption that in the
vicinity of a given molecule the local field from
neighboring molecules vanishes. This is an as-
sumption that can be shown to be rigorously
true in the case of certain idealized solids because
of the high symmetry of the crystal lattice. An
equivalent justification for other states of matter
is lacking, although it has been known for many
years that Eqs. 1 and 2 seem to have general
approximate validity even for dense fluids. Ex-
panded theories of the dielectric behavior have
produced corrections to the equations, but for
fluid systems those corrections often called for a
knowledge of the structure or correlation func-
tions in liquids, information often lacking. Since
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those corrections are both temperature and dens-
ity dependent, a test of the primitive theory is
to inspect whether the computed values of the
Lorentz-Lorenz function exhibit any density de-
pendence at constant temperature, and whether
there is any systematic shift from isotherm to
isotherm.

There are a number of published measure-
ments of either the dielectric constant or refrac-
tive index for argon, mostly at room temperature
or near atmospheric pressure. Michels and
Botzen? measured n at 25°C for pressures up to
2300 atm. Orcutt and Cole* presented very pre-
cise results for the dielectric constant at 50°,
100°, and 150°C for pressures 2-100 atm. A few
measurements have been made on argon at low
temperatures. Amey and Cole* measured the
dielectric constant at the melting and normal
boiling points, 84° and 85°K. Jones and Smith® ¢
reported the refractive index of liquid argon
near the triple point, 84°K. Smith and Pings’
reported refractive index measurements for the
solid at pressures up to 100 atm over a narrow
range of temperatures near 90°K. These latter
data were subsequently used® in conjunction with
recent accurate density data® in order to compute
the Lorentz-Lorenz function for the solid. Our
laboratory'® previously reported a set of meas-
urements of the refractive index and computa-
tions of the Lorentz-Lorenz function for satur-
ated gaseous and liquid argon.

Until 1968 there was apparently no compre-
hensive investigation of the refractive index or
dielectric constant of the dense fluid region for
a simple liquid. The author’s laboratory, there-
fore, undertook a study of the refractive index of
argon from near the normal boiling point to
above the critical temperature. This filled in the
unstudied region and made available a complete
picture of the dielectric properties of argon from
the solid region to the high temperature gas
region.
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Fig. 1. Optical geometry involved
in measurement of refractive in-
dex of a prism-shaped specimen.
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Optical measurements were made on speci-
mens of fluid argon under controlled conditions
of temperature and pressure in a sample cell with
supported sapphire windows. The windows were
set at 45° to each other, effectively defining a
prism-shaped specimen with an apex angle A
of approximately 45°. Refractive indices were
then obtained from the following formula:

n = sin 1% (A+D) /sin 144, (3)

where D is the measured angle of minimum de-
viation. See Fig. 1.

Results of measurements along eight iso-
therms and some data along the coexistence
curve are shown in Fig. 2. Further data for the
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Fig. 2. Experimental values of the refractive index as a function of
temperature and pressure. All of the points shown are experimental
except the one indicated for the critical state, which was inferred
from analysis of data in the critical region.

two-phase region near the critical state of argon
are shown in Fig. 3. Many of those measure-
ments were literally taken upon coexisting gas
and liquid, i.e.,, with a well-defined two-phase
system in the sample cell, it was possible to see
both phases and to make independent determina-
tions of the refractive indices of the gas and
liquid.

The temperatures of the one-phase isotherms
had been selected so as to coincide with those
studied in the extensive PVT measurements of
Levelt."" Therefore, it was possible to combine
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Fig. 3. Refractive index in the critical region. The almost horizontal
line is the locus of the rectilinear diameter in n, including 95%
confidence limits. The indicated critical temperature was ascertained
by visuval judgment as to the closure of the coexistence curve,
yielding a provisional value of T of 150.709°K.

our measured refractive index values with those
density values as in Eq. 2 to form the Lorentz-
Lorenz function as a function of pressure and
temperature. The reader is referred to the
article by Teague and Pings'® for detailed analy-
sis of the data. An indication of the test of the
theory is shown in Fig. 4, which demonstrates
computed values of the Lorentz-Lorenz function
as a function of density for three different iso-
therms. Although there are faint suggestions of
slight density dependence, the reader should note
that those data are portrayed on a greatly ex-
panded scale, and the general conclusion is that
at the level of our experimental accuracy there
can be at most minor deviation from the elemen-
tary theory even in the dense fluid region.

INALLY, A BRIEF SUMMARY of the Lorentz-

Lorenz function for argon in the three states
of matter may be of interest. The present work
suggests values for the effective molar polariz-
ability, i.e., the LL function (47«/8, of 4.15 cm?/
mole for the saturated gas, 4.21 for the saturated
liquid, 4.20 for the limiting value at the critical
state, and values ranging from about 4.16 to 4.22
along the one-phase isotherms. For the gas at
room temperature in the limit of zero pressure,
Orcutt and Cole’s? dielectric constant work cor-
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Fig. 4. The calculated Lorentz-Lorenz function for three gas-phase
isotherms.

rected to 5893 A gives a value of LL of 4.21,.
Recent analysis ® '* 1* of refractive index meas-
urements by Smith and Pings” and Eatwell and
Jones™ (both sets at 5893 A) for the solid indi-
cate values of about 4.15 at 80°K decreasing
to 4.12 at 20°K Considering the available evi-
dence, it therefore seems possible to assert that
there is no more than a 1.5% variation from a
LL value of 4.19 ecm?/mole throughout the three
states of matter, including the critical point, and
with temperature variation from 20°-300°K.

There are practical ramifications to the conclu-
sion that these elementary theories have broad
range of validity. Consider Eq. 2 rewritten as
follows:

p=A (4a)

where A= <4_§T & ) (4b)

Knowledge of density, or its reciprocal the speci-
fic volume, of a fluid is usually a minimal require-
ment in handling any liquid system in real ap-
paratus; also it is well-known that characteriza-
tion of the specific volume as a function of pres-
sure and temperature (or some equivalent ac-
cumulation of PVT data) in conjunction with
heat capacity measurements as a function of
temperature is the necessary and sufficient in-
formation for mapping of thermodynamic prop-
erties. Conventional techniques for density
measurements, i.e., measuring the total volume of
a measured mass of a substance are painstaking
if even low accuracy is required. On the other
hand, Eq. 4a is suggestive of a relatively easy
intensive optical measurement with great poten-
tial for both absolute accuracy and particularly
for precision. Furthermore, since the direct
measurement is optical, observation of density
with input to direct control systems seems plaus-
ible. This should have applications both in the
research laboratory and in the monitoring and
control of process streams.

EXPERIMENTAL STUDIES OF CRITICAL STATE
SINGULARITIES

IN A BRIEF portion of one lecture it is impossible

to provide a background of critical state phe-
nomena or the scope of present theoretical ex-
perimental study of critical region singularities.
Fortunately, there are several recent review
articles available. '6-2!

The critical state was first described?? one
century ago, and since that time has sporadically
been the subject of attention in scientific articles
and text books. However, until recently this was
largely confined to the curiosity of critical opa-
lescence or to the recognition of vaguely defined,
but nevertheless quite real practical diffiulties if
separation units were operated too close to the
critical state of any given component. About ten
years ago there developed a renewed interest in
the subject particularly when suggestions begin
to emerge that perhaps there might be universal
laws of critical region phenomena embracing not
only the gas-liquid transition, but also liquid-
liquid, magnetic, superfluid, and superconductor
transitions. Furthermore, it appeared that
rather good theoretical estimations of the singu-
larities in equilibrium properties were predicted
from one of the most primitive of the many-body
theories, namely the three-dimensional Ising or
lattice model.
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We will attempt to discuss here only three
types of singularities for the gas-liquid critical
state of a single component system, namely i)
the rate of the difference betwen the coexisting
liquid of gas densities as the critical state is ap-
proached from below the critical temperature in
the two-phase region, ii) the rate of divergence
of the isothermal compressibility as the critical
state is approached from above along the critical
isochore, and iii) the rate of divergence of the
isochoric heat capacity along the same path.
These phenomena can be represented in quantita-
tive form by the following equations:

Pr pG:D(T(‘_T)B;T<TC (5)

Ko L f 220 N APy ="y T T
R (6)

Cv = B(T_T(w)—"; P = Pcy T>T(V (7)

Cast in this form, the thermodynamic behavior
of a fluid near its critical state then is character-
ized by such exponents as «, B, y. Inspection of

a cubic dependence of temperature difference
upon density difference compared to quadratic
behavior suggested by van der Waals equation
(there are alternate interpretations of the van
der Waals equation which would suggest quartic
or sixth power behavior but would not permit
variation as any odd power such as cubic). Be-
havior of the heat capacity was less well under-
stood until the appearance in 1963 of work by
Voronel*®* on argon which was suggestive of a
logarithmic divergence of Cy, or alternatively a
value of « close to zero, but slightly positive. It
was also known that the shape of magnetization
versus temperature curves near magnetic critical
points also was approximately cubic.

T IS POSSIBLE to make a simple model of a sys-
tem exhibiting magnetic phase transitions in-
cluding a Curie temperature by consideration of
a idealized lattice, each site of which contains a
small magnet, which can be positioned either up
or down in the magnetic field. Solution of the
resulting combinatorial problem suggests a phase

In a sense, the critical region is a domain of singularity separating gas-like from liquid-like behavior . . . it

would seem that any attempts to carry gaseous theories into the liquid state . .

cope with problems in the critical region.

. depend upon our ability to

the values of these exponents provides a sharp
tool for intercomparison of various theories or
models, macroscopic equations of state, and real
data.

It is well-known that even a simple equation
of state like the van der Waals equation predicts
gas-liquid phase transitions (of course using
some technique such as balancing of equal areas
under the loops in the analytically continuous
two-phase isotherms) and provides a closure of
the two-phase dome. This suggests at least quali-
tatively the existence of a critical state. It is
possible to show that not only the van der Waals
equation, but all analytical equations of state
predict the following values for the critical ex-
ponents: a =0 (actually a discontinuity in Cy),
B=1%;y=1.

It has been known for many years that avail-
able experimental data were in disagreement
with at least the above values for g and y. The
rate of divergence of the compressibility was sus-
pected experimentally to be of the order of y =
1.25, and it appears that B8 was much closer to
one-third than to the classical value of one-half.
In other words, the experimental data suggested
that the shape of the coexistence curve involved

SPRING 1970

transition and a Curie temperature, i.e.,, a mag-
netic critical state. The problem in two dimen-
sions was solved by Onsager,** with explicit ana-
lytic values for the various critical state expon-
ents. The three-dimensional case has not been
solved analytically, but a sequence of investiga-
tors have obtained numerical approximations to
the various critical exponents, and those results
are reviewed in the paper by Fisher.'®* Results
are summarized in Table I. It will be seen that
the computed value of B =0.313 while not the
reciprocal of an integer is nevertheless much
closer to the experimentally observed values than
is the value of B =14 predicted from classical
equations of state. The exponent v, is predicted
from the Ising lattice model to be 1.25 =+ .01,
again significantly closer to experimental facts
than the predictions of the classical equations of
state.

The Ising lattice model for magnetic proper-
ties is isomorphous with a lattice gas model for
fluid behavior. Instead of having the ‘“up-down”
possibility for the orientation of the magnet, we
have an ‘“‘occupied-unoccupied” possibility in the
case of the lattice gas. Of course, the nature and
characteristic of the short-range forces acting
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Table I. Summary of Critical Exponents
Equations:
(1) pr— pg=D(To—T)8 (8) Cy=B(T— T
(2) Kp=A(T—Tg) " (4) |P—Pg|=E [p — pc | o

Equation (1)* (2) ** (3)** (4)t
Classical P al 0 3
(discon-
tinuity)
Primitive Expt 1/3 11 - -
2-d Ising % 13 0 (los) 15
3-d Ising 0.313 1.250 % 5.20

+ .003 -+ .003 =+ .015 = .015

Refined Expt 0.34 ].21
to 0.36 =+ .01

0 (log?) > 4.2

L |5 TC; "Z“E:p: p(; 1 T:TC

between the particles in the two cases is quite
different. Furthermore, any sort of lattice model
for liquids is surely overstructured, although a
type of fluidity is introduced by the randomiza-
tion of the occupied and unoccupied sites. There-
fore, although the lattice gas model may be a
good qualitative representation of the gas-liquid
behavior, and in actual fact has semiquantitative
agreement with observed experimental behavior,
one should not be too surprised if agreement is
not exact, nor if there is systematic variation of
properties from one fluid system to another. Re-
fined experimental values of the critical expon-
ents on selected systems are highly desirable.
This becomes an interesting intellectual quest on
its own merits as an attempt to better under-
stand the critical region as such. There is a fur-
ther enticement steming from the fact that in a
sense the critical region is a domain of singular-
ity separating gas-like from liquid-like behavior,
and therefore it would seem that any attempts
to carry gaseous theories into the liquid state
would be dependent upon our ability to under-
stand and cope with problems in the critical
region.

The author’s laboratory has been conducting
critical region experiments for several years.
Specifically, we reported in 1965-66 an extensive
set of sound absorption measurements near the
lower consolute (critical point) of the nitro-
benezene-isooctane system. 2% Frequency de-
pendent deviations from the classical predictions
of sound absorption in fluids were found, reach-
ing as much as factors of fifty times the classical
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Classical theories describe dielectric behavior of non-
polar substances solely in terms of density.

value at frequencies of 1.5MHz. Those measure-
ments were in reasonable agreement with the
predictions from a semiphenomenalogical theory
for transport in the critical region due to Fix-
man.?” Our research group is currently studying
the viscosity of xenon as its critical state is ap-
proached from above in the one-phase region.
We have also been making heat capacity measure-
ments near the upper consolute point of the
CH,-CHF, system, and provisional results sug-
gest a lambda-like transition of the type by Voro-
nel for argon. Analysis of those date are incom-
plete, but preliminary inspection indicates a value
of « that is either logarithmic or compatible with
a small positive value.

We have also made extensive measurements
of the equation of state surface in the vicinity
of the critical state of liquid argon. The optical
cryostat described in the previous section is used
as a means of deducing density from direct ob-
servation of refractive index, assuming that the
Lorentz-Lorenz theory of Eq. 2 holds. Data of
the type show in Fig. 3 were used directly to
ascertain a value of 8. Those measurements were
carried to within 7x10-°C of the critical tem-
perature requiring temperature control under
these conditions to be better than +10-+°C. The
reader is referred to a paper by Teague and
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Fig. 5. Detailed refractive index measurements near the critical
state of argon. Tc is approximately 150.72°K.
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Pings'? for details of the refined analysis of the
data, which leads to a value of B =0.364 == .007.

We are currently making extensive measure-
ments on one-phase isotherms above the critical
temperature of argon using the same technique.
Preliminary data, in terms of refractive index
versus pressure, are shown in Fig. 5, and the
resulting values of computed compressibilities in
Fig. 6. It is apparent from Fig. 6 that the com-
pressibility is indeed rising very rapidly and
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Fig. 6. Compressibility of argon near the critical state. Values
obtained by differentiation of the data shown in Figure 5.

sharply as the critical state is approached from
above. Provisional analysis of those data indi-
cates a value of y =1.21 = 0.1. That number will
doubtlessly be revised somewhat as more experi-
mental information are obtained and as a refined
data analysis is carried out.

To the extent that the above numbers are
credible, they are clearly in disagreement with
a) classical values, b) Ising lattice values, and
¢) numeralogical guesses that B should be the
ratio of integers, i.e.,, 1/3, 5/16, etc. Experi-
mental values from other sources are discussed
in the review article by Heller'” and in a recent
paper by Vicentini-Missoni, Sengers, and Green.>
Information now available on a number of differ-
ent substances seems to indicate the emergence
of vlaues of B in the range of 0.34 to 0.36. See
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there can be at most minor deviation from
elementary theory of the Lorentz-Lorenz function even
in the dense fluid region.

Table I. Incidentally, the latter paper contains
an interesting discussion of a scaling analysis in
the critical region which suggests the possibility
of a universal law of critical behavior in terms
of reduced variables.
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