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tained by using the O’'Dwyer and Sack expression,
the correspondence obtained by using the Powles
expression and then correcting for viscous effects
seems more reasonable.

With the notable exception of 2-methylnaph-
thalene, the agreement among the Tu/y values is
comparable to that in column 3 of Table IV. The
apparent anomaly in the high 7u/y value for 2-
methylnaphthalene is significant in that it is the
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only compound listed in which the direction of the
dipolar axis is not nearly parallel to the carbon-
carbon bond held in common by the two rings.
For this reason, therefore, the first six compounds
in the table could equally well be grouped together
on the basis of ‘‘electrical shape,” in which case the
use of 7u/n for purposes of comparison is to be pre-
ferred over the use of Tar/7.
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The dielectric coustauts of benzene solutions of anthrone, fluorenone and phenanthrenequinone have been measured at

1.25, 3.22, 10.0, 25.0 and 50.0 cin. wave length at temperatures of 20, 40 aud 60°.

The relaxation time and its distribution

parameter for each solute have been determined from arc plots of the slopes at each wave length of the curves for the de-

pendence of dielectric constant and loss upon the concentration of the solute,

Anthrone and fluorenone have values of re-

laxation time which would be anticipated from their molecular sizes and shapes, but the value for phenanthrenequinone is
anomalously high. This may be due to a greater volume swept out by this molecule in orienting about its long axis.

The dielectric relaxation of dipolar molecules in
solution provides a means of investigating the vis-
cous drag forces which hinder the rotation of the
polar solute molecules. The quantitative effects of
solvent viscosity, of the volumie and shape of the
solute molecule and of position of the dipole mo-
ment within the solute molecule are not yet wholly
clear. To further the study of the latter factors,
the dielectric relaxation properties of three roughly
ellipsoidal polar molecules have been examined.

Materials.—Anthrone from Brothers Chemical Co. was
successively crystallized from benzene and ethanol and
thoroughly dried in an Abderhalden pistol. The purified
material retained a pale yellow tint; m.p. 155°; lit.? 154~
155°.

O-Fluorenone obtainned from Brothers Chemical Co.,
was recrystallized from absolute ethanol, forming flat
needles having a bright yellow color. After drying, these
melted sharply at 84°; lit.* 84°.

9,10-Phenanthrenequinone obtained from Eastman Ko-
dak Organic Chemicals was twice recrystallized from diox-
ane and dried in vacuo. The orange needles nielted at 208°;
lit.*207°.

Benzene of analytical reagent grade, Merck and Co., was
used without purification. The dielectric loss at 20° and
1.25 cm. wave length was less than 109, higher than that
obtained with benzene dried over sodium hydride and frac-
tionally distilled immediately before use. The static di-
electric constants were 2.2854, 2.2454 and 2.2055 at 20, 40
and 60°, and tlie refractive indices were 1.5009, 1.4889 and
1.4776.

Methods of Measurement.—The static dielectric con-
stant was mieasured at a frequency of 520 kilocycles/sec.,
using heterodyne-beat equipment.’~” Microwave measure-
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ments of dielectric coustant and loss at 1.25 and £.22 cm.
wave lengths were carried out with wave guide apparatus.s?
The standing-wave method of evaluating dielectric loss was
applicable for all solutions. A coaxial resonant cavity ap-
paratus!® was employed with radiation of 10.0, 25.0 and
50.0 cm. wave length. The concentrations of solutions
used in this apparatus were considerably lower thau for the
wave guide equipment to keep the loaded cavity loss tangent
below 0.02.

Refractive indices were measured with a Pulfricli refrac-
tometer for the sodium-p line, and densities were deterinined
with a graduated pycnometer, as described by Robertson.!!

Experimental Results
The dielectric constant, ¢/, and loss, €”, of dilute
solutions of polar molecules in non-polar solvents
have been shown!? to be linear functions of con-
centration for non-associated solutes, that is
¢ = ¢ + a'cy

e’/ — G”Cz

where ¢, is the mole fraction of the polar solute, and
the subscripts 1 and 2 refer to solvent and solute,
respectively. Similarly

€ = & + s
np? = (np)h® + apc:
v =9 + B¢

where ¢, #p? and v are the static dielectric con-
stants, the square of the refractive index and the
specific volume of the solution, respectively.

These experimental data, obtained fromi meas-
uremerits of two to five solutions at each frequency,
are given in Table I. Heterodyne-beat measure-
ments of ¢ were used in the calculation of @’ at all
frequencies. Measurements of the dielectric loss
of the pure solvent were used to correct the ¢” data
of solutions for combined wall and solvent losses.
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The solvent loss was of the order of half the wall
conductivity loss at 1.25 cm. wave length.

TABLE I
SLOPES FOR THE DEPENDENCE OF THE DIELEcTRIC CoN-
STANT AND Loss oF SoLUTIONS oN MOoOLE FRACTION OF

SOLUTE
Wave

length, 20° 40° 60°
Solute cm, a’ a” a’ a” a’ a”
Anthrone 1.25 3.7 4.5 4.4 5.1 5.3 5.4
3.22 7.4 7.0 87 6.9 9.5 6.2
10,0 14.9 6.2 14.7 5.0 14.5 3.7
25.0 18.0 3.3 16.8 2.5 156.5 1.7
50.0 18.9 2.2 17.3 1.4 15.6 0.9
Fluorenorne 1.25 3.6 4.4 4.2 4.7 4.8 4.9
3.22 7.5 6.3 8.5 3.9 9.2 5.2
10.0 13.6 5.0 13.1 3.8 12.8 2.5
250 15,8 2.4 146 1.8 13.6 1.4
50.0 16.3 1.6 14.9 1.1 13.6 0.8
Pliettan- 1.25 7.4 8.5 8.4 9.4 9.5 10.0
threne- 3.22 12.8 13.4 15.8 13.4 18.7 12.2
quinone 10.0 27.6 13.5 29.5 11.2 28.2 8.3
25.0 36.6 8.9 34.3 6.2 32.1 4.6
50.0 38.3 5.0 35.7 3.5 323 2.4

The relaxation times, r, were obtained by the
arc plot method of Cole and Cole.!*? The distri-
bution parameter, a, was obtained from the arc
plot, the radius between a, and the arc center being
depressed aw/2 below the abscissa axis. The high-
frequency intercept of the arc with the abscissa axis
is designated as @ and is listed with values of r and
« in Table II.

TaBLE II
SL.OPES FOR THE DEPENDENCE OF STATIC DIELECTRIC CoN-
STANT, SQUARE OF REFRACTIVE INDEX AND SpECIFIC VoL-
UME OoN MOLE FRACTION, WITH INFINITE-FREQUENCY INTER-
DisTRIBUTION PARAMETERS, REvaxatioN TIiMEs

CEPTS,
(10~12 Sec.) AND D1poLE MoMENTS (1078 E.s.U.-cM.)
Temp., s
Solute °C. an ap doo 8 o T “
Anthrone 20 19.55 0.90 1.3 —0.794 0.14 24.8 3.63
40  17.66 0.96 1.4 — .843 .11 18.4 3.63
60 15.87 1.09 1.5 =~ .921 .09 13.6 3.60
Fluorenone 20 1678 0.87 1.0 - .691 .13 189 3.38
40 15.18 0.98 1.1 ~ 735 L12 14.9 3,38
60 13.74 1,10 1.2 ~ .778 08 115 3.34
Phenan- 20 40.50 1.2¢? 2.8 ~—1.097 15 31.3 5.38
threne- 40 36.67 1.52 3.0 —1.082 12 22,2 5,36
quinone 60 32,07 1.2 3.1 —1.177 12181 531

The dipole moment was calculated from the re-
fractive indices and static dielectric constant values
by using the equation of Halverstadt and Kum'er!:
to evaluate the molar refraction and molar polari-
zation. The resulting moment values, u, are
listed in Table II.

Discussion of Results

The three polar molecules anthrone, fluorenone
and phenanthrenequinone have planar or approxi-
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mately planar configurations, with the dipole mo-
ment of each molecule on one of the minor axes of
symmetry, perpendicular to the long axis of the
molecule.

The relaxation time of fluorenone in benzene
solution has been reported recently by Chau,
LeFévre and Tardif'® from measurements at a
single wave length of approximately 10 cm. Their
value of 17.0 X 10712 sec. at 25° is only 2% above
the value of 16.7 X 1072 obtained by interpolation
on the activation energy plot of our data based on
measurements at five wave lengths from 1.25 to
50.0 cm. 9-Nitroanthracene in benzene was found
by Chau, ef al., to have a relaxation time of 28 X
1072 at 12°. This compound, very similar in mo-
lecular size, shape and polarity to anthrone, has a
similar relaxation time to anthrone, for which a
value 29.4 X 10712 may be found from extrapola-
tion to 12°. The 1,8-dichloroanthraquinone mole-
cule, measured by Fischer!® by a calorimetric
method at a single frequency, has a relaxation time
at 23° of 52.0 X 107 sec. Due to the bulk of the
protruding chlorine atoms, such a value might be
expected from the results of the present study. It
is evident that the values of the relaxation times of
anthrone, fluorenone and phenanthrenequinone,
obtained from data at five high frequencies and the
static dielectric constants, are consistent with the
results of previous measurements at a single high
frequency.

The values of the dipole moinents in Table II are
in good agreement with earlier measurements in
benzene solution for anthrone, 3.66,'7 and for fluor-
enone, 3.35!% and 3.29,'° but are somewhat lower
than the earlier value, 5.57,% for phenanthrene-
quinone. As this earlier value was the result of
careful dipole moment measurements, the present
incidentally calculated value is not to be regarded
as superseding it.

From a plot of In 7' as a function of reciprocal
temperature, the activation energies and entropies
for the relaxation process were determined. The
values are given in Table ITI.

TABLE 111

MoLectLar DiMENsIoNs (A.), MOMENTS oF INERTIA AND
AcrivarioNn  Enercies (KcAL./MOLE) aND  ENTROPIES
{E.u.) FOR DIELECTRIC RELAXATION

Phenanthrene-

Authrone Fluorenone quinone
A 11.35 11.385 11.2
B” 7.2 705 7.9
C 3.85 3.4 3.4
T 536 576 Y08
" 1960 1430 1510
Ic 2420 2010 2450
AHE 2.1 2.0 2.6
AST —-2.7 —2.6 —1.6

@ Axis parallel to the resultant dipole moment.
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Although the measured relaxation times of these
three molecules are of the order of magnitude to
be expected from their molecular sizes and shapes,
the reasons for the differences among the values for
the three molecules are not obvious. The Stuart—
Briegleb models show their lengths to be practi-
cally the same (Table III). The thickness of the
anthrone molecule is a little greater and its width a
little less than that of fluorenone. The fluorenone
and phenanthrenequinone molecules differ by less
than 39, in dimensions, so that, qualitatively
speaking, one would anticipate little difference in
relaxation time for the three substances.

The results lend themselves to quantitative ex-
amination in terms of the semi-empirical equations
of Chau, LeFévre and Tardif!®

7 = drmao(exp M)(exp b))/ (e + DT (1)
T = 1rm(exp A;)ABC/2(e1 + 2)kT (2)

where 7 is the solvent viscosity, A is the depolariza-
tion factor of benzene and % is a shape factor.?!
The latter is defined by

B=A-B+UA -0+ (B-00/A4A+ B+ 02
where 4, B and C are the lengths of the molecular
ellipsoid along its principal axes. As shown in
Table IV, these equations give values of the right
order of magnitude and about the right tempera-
ture dependence. The calculated differences be-
tween anthrone and fluorenone by eq. 1 are, how-
ever, in the wrong direction, as are the differences
between anthrone and phenanthrenequinone given
by eq. 2.

TasLE IV
CALcULATED RELAXATION TiMESs (10712 SEC.) BY THE EQUa-
T10NSs oF CHAU, LEFEVRE anDp TarpIr (1,2), oF SPERNOL,
GIERER AND WIRTZ (3), AND OF FISCHER (4)

Phenanthrene-

¢, °C.  Equation Anthrone Fluorenone quincne
20 1 24.2 25.1 25.3
2 28.4 24.6 27.2

3 24.1 19.5 22.8

4 100.3 90.8 107.3

40 1 17.5 18.5 20.5
2 20.3 17.6 19.4

3 17.5 14.1 16.6

4 71.0 64.3 76.0

60 1 13.6 14.5 15.5
2 15.3 13.2 14.6

3 13.4 10.8 12.7

4 53.0 48.0 56.7

The equation of Wirtz and co-workers?? (3)
gives the relaxation time in terms of the microfric-
tion factor f,.

T = 4drmr’fy/kT 3)
re = (0.556 M;/xd;N)'/s (3a)
fo=[6r/r) + A+ n/r) 73} (3b)

In these equations, #; and r; are the mean radii of the
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solvent and solute molecules, respectively, as given
by eq. 3a, where M is the molecular weight, d the
density, NV the Avogadro number, and the remain-
ing symbols have their usual significance. The
Wirtz equation is very satisfactory for anthrone and
for fluorenone. Since the molecular dimensions
play a dominant part in these equations, they give
nearly equal relaxation times for the three solutes,
thus failing to predict the considerably higher
values observed for phenanthrenequinone. Based
on Perrin’s?® theory, the Fischer!® equation

r = mqfABC/2RT )

with n = #; and the friction factor, f, as tabulated
by Budé, Fischer and Miyamoto,?* yields relaxa-
tion times which are much higher than those ob-
served. However, the relative order of the three
relaxation times is predicted.

While the effect of molecular moment of inertia
on the value of the relaxation time has been shown
to be insignificant at these frequencies in compari-
son to molecular volume,? it is interesting to note
that phenanthrenequinone has a considerably
larger moment of inertia about its long axis than
the other two molecules. Also, a mean of the mo-
ment of inertia about axes a and ¢, as suggested
by Powles,?® is in the order of progression of the
observed relaxation times.

The equations which have been considered are
concerned primarily with the over-all molecular
volume and do not adequately account for the ef-
fects of the differences in volume swept out in ro-
tation around different molecular axes. The ef-
fect of these differences has been demonstrated by
the relaxation times of trimethylpyridine, in which
the molecular dipole lies in the plane of the ring,
and trimethyltrioxane,?® in which the dipole is per-
pendicular to this plane. Two substituted porphy-
razines,'? with analogous dipole moment directions,
have shown similar behavior. In each case, the
disk-like molecule having its moment perpendicular
to the plane of the disk has about twice the relaxa-
tion time of its analog because the dipole orientation
can occur only by rotation out of the plane of the
disk. The volume swept out by phenanthrene-
quinone in rotation about the long axis, given ap-
proximately by w4%B/6, is about 259, greater than
that of fluorenone and about 209, greater than that
of anthrone. This is in contrast to the fact that
the volumme of the phenanthrenequinone mole-
cule 7TABC/6 is 109, greater than that of fluore-
none and 5% less than that of anthrone. The vol-
umes swept out parallel, in relative magnitude, the
observed relaxation times in Table II, indicating
their importance in determining the relaxation
process.
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