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The static dielectric permittivity of a nitrobenzene-isooctane mixture shows, along its
critical isochore, a 0.3% deviation from normal behavior at a temperature of 5x 103 K
above T.. Near the consolute point, no gravity effects resulting from composition gra-
dients are detected. A free fit of the critical exponent 6 yields a value of 0.855+0.035, in

good agreement with the theoretical values.

I. INTRODUCTION

Recent experimental and theoretical develop-
ments on critical phenomena have created substan-
tial interest in liquid-liquid transitions.! In this
work, we investigate the behavior of the static per-
mittivity € of a polar-nonpolar liquid mixture near
the consolute point, when the latter is approached
along the critical isochore.

The experimental situation in this domain was
until recently rather confusing. Conflicting results
have been reported on the behavior of €(T) near
the critical temperature T, of similar binary mix-
tures in most cases nitrobenzene-alkanes mixtures.
A sharp increase of € for temperatures very close
to T, was observed by some authors?~>; while oth-
ers®~° have obtained a smooth behavior. The
disagreement as pointed out by Thoen et al.'° can
be related to the presence of ionic impurities.

They found'” that the ionic conductivity combined
with the large composition fluctuations near the
critical point give rise to a Maxwell-Wagner
dispersion where the high-frequency limit fyw is
the lower bound from which the values of €
represent the real static permittivity. Then, results
obtained at frequencies higher than fyw can be
compared to the theoretical predictions which will
be presented in Sec. II.

In this paper, we report very-high-precision
measurements of the static permittivity € of a criti-
cal nitrobenzene-isooctane mixture as a function of
temperature T, frequency f, and height A; focusing
our attention on three items: low-frequency disper-
sion, nonexistence of composition gradients in the
mixture near T,, and finally the direct determina-
tion of the critical exponent 6 of the static permit-
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tivity.

We chose this system because of its convenient
critical temperature (302.2 K) and appreciable
value of € at that temperature (10.28), and because
its critical behavior, which has been the subject of
some studies,>®° is not conclusively known.

II. THEORY

When the critical point of a pure fluid or of a
binary liquid mixture is approached along the criti-
cal isochore, all of the recent theories predict for
the static permittivity € near the critical tempera-
ture T, a leading behavior of the form:

e~e, +At? (1)

where €, is the static permittivity at T,
t=(T—T,)/T, is the reduced temperature, and
0=1—a. The critical exponent a describes the
singularity of the specific heat. Although these
theories give the same predictions, they are quite
different in their approaches.

The theory of Stell and Hoye'! is specific to the
critical behavior of € of a simple nonpolar fluid.
The Clausius-Mossotti function is expanded in
powers of the polarizability and the authors'' show
that the lowest-order term in the expansion is
closely related to the internal energy. If higher-
order terms are neglected, the static permittivity
should show the singularity of the internal energy.

Mistura'? uses thermodynamic arguments and
the smoothness postulate to relate also the singular
part of the static permittivity to that of the inter-
nal energy. The singular part of the internal ener-
gy is characterized along the same critical path by
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the critical exponent 1 —a.

The theory of Goulon et al.'* is a phenomeno-
logical analysis of the critical behavior of € of
binary liquid mixtures. The authors'® combine the
droplet model of Oxtoby and Metiu'*!®> which pro-
vides a physical picture of the microscopic nature
of systems in the critical region, with the electro-
static models of Wagner'® and of Onsager-
Béttcher.!” For both electrostatic models, the same
asymptotic behavior of € is derived. The expres-
sion for € is identical to that of Eq. (1).

Recently, Sengers et al.'® obtained a functional
form for the static permittivity near the critical
point that includes correction to scaling terms.!®
They apply the critical-point-universality to the
thermodynamic behavior of fluids and mixtures in
the presence of an electric field. They found that
along the critical isochore and for temperatures
above the critical temperature T, the behavior of
the static permittivity € can be expressed as

e~Ag+A,t°+Bt+C 194, Q)

where A with a numerical value of 0.50 Ref. 20 is
the correction to scaling exponent. The critical ex-
ponent 6 is defined as in Eq. (1), i.e.,, 6=1—a.

III. EXPERIMENTAL

The experimental study of the critical behavior
of the static permittivity of a binary mixture along
the critical isochore is difficult because of the weak
1 —a expected singularity. Such study requires
precise temperature control and very high-precision
permittivity measurements. We have already per-
formed permittivity measurements with such preci-
sion in our laboratory to study molecular interac-
tions in gases not far from the critical point.’!

The present experiment consists in measuring
the static permittivity of a critical nitrobenzene-
isooctane mixture as a function of temperature at
several frequencies between 0.1 and 100 kHz and
at different heights in the sample. Details about
the apparatus used and the experimental procedure
are given below.

A. Apparatus used

The measuring cell (Fig. 1), is composed of an
inner cylinder of 7.5-mm radius and 12 circular
plates, each having an inner radius of 8.5-mm and
1-mm thickness. The cylinder and the plates are
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made from 316 stainless steel. The plates are insu-
lated from each other by means of a thin Mylar
sheet of 0.2-mm thickness. Each of the outside
circular plates has an independent electrical con-
nection. The 12 vertical capacitors thus assembled
enable us to measure € in function of height as
well as for the whole system. When measuring a
particular capacitor at a given height, all other cir-
cular plates are connected to the ground, thus act-
ing as guarded electrodes.

The arrangement of the capacitors covers a 14-
mm region in the middle of the sample cell. Capa-
cities are measured with a General Radio three-
terminal transformer bridge (model G. R. 1621).
An advantage of this bridge is that coaxial cables
do not add to the measured capacity.

The temperature of the sample cell is controlled
to 0.3 mK per eight hours by means of a HAAKE
thermo-regulator (model FE) and a TRONAC pre-
cision controller bath (model 40). Water in the
bath is well stirred by a double downward pushing
propeller so that no temperature gradients in the
region where the sample cell is immersed, are
detected. The temperature is measured using a
quartz thermometer (model H. P. 2801A), which
had recently been calibrated by the manufacturer
with respect to a standard (N. B. S. certified) plati-
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FIG. 1. Schematic diagram of the measuring cell.
Legend: 1=sample container; 2=cover with 8 screws;
3=0 ring (Teflon); 4=capacitor array; 5=insulating
holder; 6 =low-electrode inner cylinder with 7.5-mm ra-
dius; 7=high-electrode circular plate of 1-mm thickness
and inner radius of 8.5 mm. There are 12 circular
plates insulated from each other by means of a thin
Mylar sheet of 0.2-mm thickness; 8 =measuring space
between electrodes; 9 =electrical outlets.
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num resistance thermometer to 1 mK. The preci-
sion of the temperature measurements is 0.1 mK.

B. Experimental procedure

Nitrobenzene (Fish~r S. C. certified A. C. S.)
was first dried over calcium chloride, then over
phosphorus pentoxide, and finally distilled two
times under dry nitrogen at reduced pressure. At a
temperature of 298 K, the final product has a stat-
ic permittivity of 34.80 and a specific conductivity
of 8.2x 10~ mho cm~!. Isooctane (Fisher S. C.
certified 99 mol. % pure) was distilled under dry
nitrogen at atmospheric pressure. The purified
material has a static permittivity of 1.921 at 298
K. For both components, the measured values of
the static permittivity and of the specific conduc-
tivity compare well with the accepted values.?

The critical composition (X, =51.7 wt. % nitro-
benzene) and the critical temperature
(T.=302.20+0.04 K) are determined visually, in
agreement with the values reported by Debye and
Kleboth?® (X, =51.7 wt. % nitrobenzene and
T.=302.16 K). Our value of T, is, however,
lower than the ones reported by Konecki’ and by
Lubezky and McIntosh.® The high value given by
the latter group® (T, =303.4 K) could be explained
by the fact that their purification of commercial
nitrobenzene only eliminated traces of water and
that the presence of other impurities might then
have modified the critical temperature.

The nitrobenzene and isooctane used in the
measurements of the permittivity are identical to
those used for the determination of the critical
parameters. The experimental cell filled with the
homogeneous nitrobenzene-isooctane mixture hav-
ing the critical composition X, =51.7 wt. % nitro-
benzene is maintained initially at a temperature 7-
K higher than T,. The high-temperature limit of
our measurements is based on the calibration of
our cell which only went up to 313 K. The
volume of the mixture is such that the meniscus
appears at the level of the fourth capacitor from
the bottom.

We measure the permittivity at different heights
and the bulk permittivity as a function of the fre-
quency between 0.1 and 100 kHz. The bulk per-
mittivity is obtained by connecting all the capaci-
tors in parallel (capacitors 2 to 11). The tempera-
ture is then lowered by steps to T, and for each
step, the same set of permittivity measurements is
carried out. Far from T, temperature steps of 0.5
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FIG. 2. The static permittivity € as a function of
height A for different temperatures T near the critical
temperature T, at a frequency of 100 kHz and for the

critical composition.

K are taken, each one requiring an equilibrium
time of 30 minutes. In the range 1 mK

<T —T,<0.8 K, temperature steps are gradually
reduced from 0.05 K to 1 mK. The equilibrium
time ranges from one hour to over 24 hours as T,
is approached.

IV. EXPERIMENTAL RESULTS

We have measured the static permittivity € of
the homogeneous nitrobenzene-isooctane mixture
along its critical isochore (X, =51.7 wt. % nitro-
benzene) from 309.5 to 302.214 K; the latter being
the limiting temperature at which we could per-
form capacitance measurements in the one-phase
region. The € data taken at a frequency of 100
kHz and covering the entire temperature range, are

u | kHz, €+0.24
p o010 kHz,€+0.i8
105F s x50 kHz, e+ 0.2
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FIG. 3. The bulk static permittivity € as a function
of T above T, for several frequencies and for the critical
composition.
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FIG. 4. Frequency dependence of the static permit-
tivity for various temperatures near T,.

compiled in Table I. The first two columns of
Table I give the temperatures T and their standard
deviations o(T) corresponding to the temperature
steps indicated in Sec. III B. The € values for the
different heights which correspond to capacitor po-
sitions from 2 to 11, are given in columns 3 —12.
Column 13 gives the bulk permittivity values.

For temperatures close to the critical tempera-
ture T,, we plot in Fig. 2 the € data as a function
of height h. Apart from the weak variations in the
height dependence of € which are probably due to
small calibration errors of the capacitors; we ob-
serve no systematic deviation in e(k) close to T.
This indicates that in the measuring region, there
are no composition gradients even at a few millide-
grees above T,.

In Fig. 3, we plot curves of the bulk permittivity
as a function of temperature T for f =1, 10, 50,
75, and 100 kHz. Near T, we observe sharp peaks
in €(T) for f <50 kHz, confirming the results of
Thoen et al.!° The € data as a function of fre-
quency for various temperatures (Fig. 4) show near
T,, a low-frequency dispersion where the high fre-
quency limit is attained at about 75 kHz. An en-

3 100 KkHz, ¢
10.285¢ v o o 75 kHz,¢+0.009
° °

o ° |

e 3., .o o ‘

* °
. .
10.275¢ . :
‘. _ f
295 %8
T

FIG. 5. Enlargement of a part of Fig. 2: tempera-
ture dependence of € near T, for 75 and 100 kHz.

larged graph of e(T) near T, at 75 and 100 kHz is
presented in Fig. 5. It shows that within the ex-
perimental uncertainties, the temperature depen-
dence of € is consistent for the two frequencies.
The € data, corresponding to 100 kHz can certain-
ly be taken to represent the critical behavior of the
real static permittivity.

V. ANALYSIS OF THE DATA

The purpose of this section is to analyze our ex-
perimental results at 100 kHz in terms of the
theoretical expressions given in Sec. II. The €
data, which include 33 points covering a reduced
temperature range 3.3%X 107 %<7 <2.4X 1072, are
fitted by the above mentioned expressions using the
nonlinear least-squares program NL WOOD.*
The data points are each weighted by the inverse
of the variance Var(e); which increases for tem-
peratures close to T,. For the determination of
Var(e);, we have assumed two independent sources
of errors: uncertainties in the determination of the
static permittivity and uncertainties in temperature
measurements. Using propagation of errors, we
write the variance as

2
e | o2, 3)

Var(e); =o(e)} + 3T

where o(e); and o(T); are the standard deviations
of the static permittivity and temperature, respec-
tively.

We use a reference standard capacitor (G. R.
1408.B) for the calibration of the internal capaci-
tances of the ratio-transformer-bridge, and estimate
o(€); to be 6 10~* at a frequency of 100 kHz.
This value of o(e) is well within the manufac-
turer’s specifications which permit the determina-
tion of static permittivity at a frequency of 100
kHz with an accuracy better than 1.6 10~%. The
standard deviation o(T); of the temperature ranges
from 11072 to 3 10~*, and the slope (de/dT);
is estimated directly from the data. We perform
several fits of the same data and the best one is
determined by the minimum of the reduced X2
function, defined as

1
X%: ’
N-—p ; Var(e);

I
(€™ —e5¥c)?

4)

where N is the number of experimental points and
p is the number of adjustable parameters. Our
complete data are fitted by Eq. (1) provided we
add to it a linear term which reflects the behavior
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of € far from T,
€=e€,+At°+ Bt . (5)

Since the reduced temperature ¢ does not exceed
2.4 1072, the polar contribution to € due to the
presence of nitrobenzene, expressed in ¢ as
D /(1+41¢), can be written as D(1—t). This contri-
bution is then well taken into account in the linear
term in Eq. (5).

On the basis of our experimental determination
of ¢, the critical temperature 7, must be between
the temperature of the last data point (302.214 K)
and 302.213 K at which we failed to make capaci-
tance measurements even after three days of wait-
ing. Because of the uncertainties in temperature
measurements (+3 X 10~*), we fixed T, at dif-
ferent values between 302.2143 and 302.2127 K,
and fit the other parameters €., 4, B, and 6 in Eq.
(5). Results are given in lines 1—7 of Table II,
and the X2 values are plotted as a function of T in
Fig. 6. Uncertainties on the parameters correspond
to one standard deviation. We note that the values
of the adjustable parameters are weakly sensitive to
the choice of T,. A4, B, and 6 increase slightly
with increasing T, and €, is constant for all the
fits (e, =10.2811). This is probably due to the
fact that 4 and B have opposite signs and the tem-
perature range investigated for the determination
of T, is very narrow.

The best fits determined by the minimum of X2
(Table II and Fig. 6) corresponding to 302.2130

M. MERABET AND T. K. BOSE 25

os2f ' }
L]
0.5I9F . )}
2
x2 . ¢
0.518 . .
L] L]
. o o e ®
0.517} 1
1 1 " 1 1 2 4 a1 1 A P i
29.2130 29.2135 29.2140
T C)

FIG. 6. Reduced chi-square as a function of tem-
perature for the free fit of the data at 100 kHz to Eq.
(5).

K < T, <302.2134 K, give for the critical exponent
6 a value with relatively high uncertainty
(6=0.855+0.035). To determine 8 more precisely,
we perform a series of fits by Eq. (5) in which 6 is
given different values, using for 7, the values pre-
viously determined. Results for the three adjust-
able parameters €., 4, and B, and X f, values for the
fits are given in lines 8 — 13 of Table II. Uncer-
tainties on 4 and B are substantially improved.
Figure 7 giving the behavior of X2 as a function of
0 for three temperatures, shows that the probable
value of 6 is 0.861, which is in agreement with the
theoretical result deduced from the series expan-
sion in a three-dimensional Ising model*

TABLE II. Values® for the parameters in Eq. (5) from different types of fits of the data.

Fit T. (°C) € B A 0 x:
1 (29.2140) 10.2811+1.7x10~* —19.442.7 6.1+2.4 0.858+0.035 0.5196
2 (29.2138) 10.2811+1.7%x 10~* —19.442.7 6.1+2.3 0.857+0.035 0.5186
3 (29.2136) 10.2811+1.7x10~* —19.342.6 6.0+2.3 0.856+0.035 0.5180
4 (29.2134) 10.2811+1.7x10~* —19.3+2.6 6.0+2.3 0.856+0.035 0.5177
5 (29.2132) 10.2811+1.8%x10~* —19.242.6 5.9+2.2 0.855+0.035 0.5175
6 (29.2130) 10.2811+1.8x 10~* —19.142.6 5.942.2 0.854+0.035 0.5176
7 (29.2128) 10.2811+1.8%x 10~* —19.142.5 5.842.2 0.853+0.035 0.5179
8 (29.2134) 10.2811+1.3 % 10~* —19.77+0.19 6.42+0.11 (0.862) 0.5164
9 (29.2134) 10.2811+1.3%x 10~* —19.44+0.19 6.13+0.11 (0.858) 0.5167
10 (29.2132) 10.2811+1.3x10~* —19.78+0.19 6.43+0.11 (0.862) 0.5157
11 (29.2132) 10.2811+1.3% 10~* —19.454+0.19 6.14+0.11 (0.858) 0.5161
12 (29.2130) 10.2811+1.3x10~* —19.78+0.19 6.43+0.11 (0.862) 0.5150
13 (29.2130) 10.2811+1.3%x10~* —19.45+0.19 6.14+0.11 (0.858) 0.5155
14 (29.2130) 10.2811+1.3%x10~* —20.90+0.21 7.42+0.13 (0.875) 0.5250
15 (29.2130) 10.2812+1.3x 10~* —22.77+0.25 9.12+0.16 (0.890) 0.5367

®Lines 1—7 correspond to the free fit of the parameters and lines 8 — 15 are obtained for fixed values of 6.
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Tc =29.2134°C ,f=100kHz
T =29.2132°C ,f=100kHz
T = 29. 2130°C,f=100kHz

0.520

0.515

FIG. 7. Reduced chi-square as a function of fixed
values of 6 for the fit of the data (75 and 100 kHz) to
Eq. (5) corresponding to three possible values of T.

(0.875+0.020), but does not agree with the value
obtained from renormalization group calculations®
(0.890+0.002). We give in lines 14 and 15 of
Table II, the results from the fits when the theoret-
ical values of 0 are imposed (0.875 and 0.890).

The X2 is substantially higher than for the best fit.
The latter corresponds to T, =302.2130 K and
6=0.861, and the fitted parameters are

€.=10.2811+1.3x10~*,
B=-19.78+0.19,
A=6.43+0.11,

In the next step of the analysis, we introduce a
singular correction to scaling term'®!® which is in-
cluded in the functional form given by Sengers
et al.'® and expressed by Eq. (2). In this set of
analysis, we hold the correction exponent A fixed
at the theoretical predicted value of 0.50,2° and fit
the five parameters 4, 4;, B, C, and 6. Except
Ay, the other parameters have larger uncertainties.
Their values are quite close to those obtained pre-
viously. The X2 values are weakly lower than that
of the best previous fits (X2~0.514), and the coef-
ficient C, of the correction term is of the order of
—3.X107%. This indicates that adding a negative
correction term to the equation does not improve
the fit significantly, and that the contribution of
the correction to scaling term can be considered as
not essential to the model equation which describes
our data.

We have also carried out a nonlinear least-
squares analysis of € as a function of temperature

for our results at 75 kHz. Neglecting three
outliers, the best fits obtained by minimizing the
X2 function give parameter values which are con-
sistent with those deduced from the 100-kHz
analysis. They are for T, =302.2130 K:

€. =10.2816+4X 1074 4=6.2+3.5,
B=-—19.1+4.0, and 6=0.869+0.049. The re-
duced chi-square (X2) as a function of the critical
exponent 6 for a temperature of 302.2130 K is
given in Fig. 7. The lack of precision is probably
due to the fact that 75 kHz is at the extreme limit
of the dispersion region.

VI. CONCLUSION

In this paper, we have presented experimental
evidence of the static permittivity anomaly near
the critical temperature of the nitrobenzene-iso-
octane mixture. In order to determine unambigu-
ously if the origin of this anomaly is different
from that of the thermal expansion at the critical
point, one has to measure both the static permit-
tivity and the density for the same system.'® This
has been done by Jacobs and Greer?® for the poly-
styrene-cyclohexane system, and they have ob-
served small but detectable anomalous behavior of
the static permittivity.

The critical behavior of € was analyzed in terms
of the existing theoretical expressions. We have
found that the asymptotic form as expressed in Eq.
(5) gives satisfactory fits to the data. The critical
exponent 6 as obtained from the free fit
(0.855+0.035) is in agreement with both theoretical
values deduced from the field-theoretical ap-
proach? (0.890+0.002) and from the series expan-
sion in a three-dimensional Ising model?
(0.875+0.020). The more precise value of 6 (0.861)
obtained by reducing the number of adjustable
parameters compares better with the series expan-
sion value.

The functional form including correction-to-
scaling terms'® [Eq. (2)] was also tested. The qual-
ity of the fit is weakly improved and the contribu-
tion of the added term is not significant.

We have also studied the gravity effects in the
mixture near T, using the variation of the static
permittivity with height as an indication of the
density profile in the field of gravity. We have
found no gravity effects in the one-phase region
near T, within our experimental errors (the max-
imum spread in the static permittivity value as
shown in Fig. 2 is of the order of 0.03% at the
critical temperature).
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