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LISt OF SYMBOLS

B Magnetic induction

c the velocity of light

D Electric displacement

E Electric field intensity

e microscopic field intensity
£ - = 5.

G Cavity electric field

H Magnetic fleld intensity

IS Microscopic magnetic field intensity
i Current

k Boltzmann's constant

L Avogadro's number

i Magnetic moment per c.c.

i Magnetic moment per molecule
N Number of molecules per c.c.
n Index of refraction

P  FElectric moment per c.c.

P Electric moment per molecule
R Reaction field

T Absolute temperature

V Molar volume
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x Mol fraction

o« A constant independent of density, - = n=!
_ 2TN o

= okt

¥ Conductivity of dielectrie phase

§ = (m+2)™

¢ Dielectric constant

-6

NE

N Loss angle defined as N =
® Power factor angle
p Electric charge density
4 Relaxation time
r. Permanent moment of the molecule. A4lso
in part II only, p is magnetic permeability
¥ Susceptibility
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FOUN DAYIONS OF CLASSICAL THEORY OF DIELBCLIRICS

' The conventional Maxwell equations are called the
Mmacroscople field equations® because they do not aim to
taks direct cognlzance of the molecular theory of matter.
Thﬁ~Maxweli equations are:(vectors are designated by an. .
arrow over the symbol)

curl E =% 9E/at curl = L (471 +ID/2t) (&)

z
aiv D = 4T aivB =0 (2)
where E is the electric intenTsity defined by F/q
. (foree / unit charge )

is the electric displacement

b
421

the electric charge density per unit volume
the magnetic induction
the magnetic intensity (analogue of D)

Pt mb Wl 9l
o
th 4]

e
tn

the current density

¢ 1s the velocity of light.
The magnetic equations are given to show how the two prop’erties,
magnetic and electric, parallel each other. #4s will be seen
‘later this parallelism probably led to the first great step
toward the explanation of the electric properties of polar
substances from the accepted magnetie theory. In addition
to the Maxwell equations, theré exists the equations between

the four field vectors which may be regarded as defining
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the dielectric constant ¢ and the magnetic permeability p.
D=-eE —B.’-rf{ (3)
The ratios € and n are, except for ferromagnetic media,
independent of the field strength for sufficiently small
fields; and in general one must have such an indepeﬁdence,
or a known dependence on the field strength before equations
(1) and (2) become unambiguous enough to be useful. It
is supposed that all media discussed here are isotropic,i.e.
properties are not directional. |
The ratios € and s depend on many factors, notably on
the temperature, density, chemical constitution, and the
frequency,as well as the field strength, if great. The
ﬁheoretical description of their modes of dependence is
accomplished by means of the molecular theory of matter,
and especially by means of the dynamics governing the
electrons withinfach atom or molecule. The twentieth
century produced the electrical origin of matter, unknown
‘to Clark Maxwell when he developed his macroscopic equations
in 1861-73. The electrical origin ofvmatter implied that
by considering the subatomic diétances it should be possible
to formulate the equations of electrodynamics in terms of
charges in vacuo,without the introduction of dielectric and
-magnetic media. Therefore, H.A.Lorentz proposed and

studied what are called the Nmicfbscopic field equations®,
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curl € == 2h/at curl-ﬁ==é LTpTR38/0t)  (4)
div & = 4Tp' divh =o (5)

which are similar in structure to the macroscoplc equations
in a vacuum, except that instead of the current demsity T
Lorentz introduced the convection current densityffVAdue to
motion of the charge with the velocity V. The microscopic
fields, E;'E, and charge P'are not the same as the macro-
scopic fields or charge.

Equations (4) and (5) are more fundamental than equations
(1), (2), and (3), as (4) and (5) are supposed to hold at
every point either inside or outside the molecule; whereas
equations (1), (2) and (3) are statistical in nature, and
the expressions —f}, 5, -ﬁ, ~B', and which they involve must
be correlated in some way with averages of microscopic
fields and charges over a large number of molecules. It
mrns out that E and g are ldentical wlith the microscopic

fields averaged over a Yphysically small" element of volume,

so that
g - — —
In order to describe the statistical significance of
: — —
s ‘ D and H}or of the constitutive relations in terms of the
microscopic theory, it is necessary to write, as customary,
D = E +4TP B=H+ 4T (7)
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The expressions P and " so defined are called the electric
faml magnetic polarisations respectively, and the guotients
B/E-¢/4m = Ye U/E = W /4T Y (8)
are called the electric and magnetic susceptibilities. In
order to get the electric charge per molecule, form the
general expression
e 2= fﬂ' 'dv, and (9)
7 :Sg h;' Tdv vt m=1/2¢ SSS {)' (Fxv)dv  (10)
1 Molecule ™
in which the integration is to include only the charge
which beldngs to & single molecule. In general molecule s
may overlap each other, but it is assumed that the charges
of a given molecule can still be identified as such. The
origin for the radius vector T is taken as the center of
gravity of the molecule and its velocity 1is supposed
negligible. If the molecule is electrically neutral, the
“integral in (9) vanishes and the origin for T is immaterial
in the first integral of eguation(10). The expressions
for 'f) 2nd m defined by equation (10) are called the electric
-and magnetic moments of the molecule. 1In the conventional
electron theory 1t is customary to suppose the dimensions
of the electrons and nuclei are negligible, then the
integrations may be replaced by summations over all the
discrete charges — making up the molecule, giving

Cot =T & BeZew; W -1/2c Ze(@xVi). (1)
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The contribution of a particle to the magnetic moment
differs from its angular momentum mu(71*?a) only by a

.
[

e
factor =Z7ae .

Thevexpressions'ﬁ’and.ﬁ;as defined in equation (7),
are equal respectively to the average electric and
magnetic moments P and.ﬁwa,per molecule multiplied
by the number of molecules peg&.c., so that

— N —

P = NBo.erase v | M = Nflaweage (12)

Then the desired correlafion equations fprfﬁ and-ﬁ are
B = Saut 4P, E = h,, _4ﬁNﬁ“Me (13)
The term average moment per molecule méans the molecular
momanﬁ:averageﬂ over all the molecules in a fphysically
small? volume element. This is eguivalent to the time
average moment for an individual molecule if all the
molecules are alike but for phase. The informatiaﬁ
conveyed by equation (13) must be regarded. .as a very
~important theorem on the physical or macroscopic signi-
ficance of the mean molecular moments for it interprets
the distinction between D and E,or between B and H,in
terms of simple properties (equation 10) of the mélecﬁles.
Bquation (12) underlies all theories of dielectrics and
magnetic media. YThis concept of the polarisation of the

molecule as the cause of the departures of & and p.from

unity is not new and was intimated by Faraday in his

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



studies.

To complete the correlation of the macfoscopic and
the miéroscopic‘equations it must be stated how the cufrents
andgcharges are connected. The convectlon current arises

_ entirely fromthe migration of conduction electrons, rather
than molecular ions, if the velocity of the center of
gravity of amolecule is negligible, them the current and
charge densities are given by

FREIEY YA (720 NS P = Ntemet)o T Nee
where ~N. is the number of conductidn electrons per c.c.,
and V. is their velocity. Simiiarlylv denotes the number
of molecules per c.c. and (Causlly,ls the mean value of their
net charges (equation 9 ).

It is desirable to know the effective average field to
which a molecule 1s subjected when a macroscopic field E
is applied. This effective fleld is not the same as the
macroscopic field despite theffact that by equatlon (6) the
the vector E 1s the space average of @ over a ﬂphy31eally

- small? volume element. This effective field wifhih. a
molecule may be resolved into two parts: (a) the inﬁernal
field exerted by other charges within the same molecule,
and (b) the remainder due not only %o the applied electric

fileld but also tot the attractions and repulsions by
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10

other molecules, usually polarized under the influence
of the external field. This second part is termed the
local fieldknd it is calculated differently depending
upon the specific suppositions made.

The above is true for all dielectric and magnetic
madia and it is now necessary to get toward the point
of the discussion. For the study of dielectric
phenomena, molecules are divided into two groups-
polar and nonpolar. & molecule is polar if it has an
electrical moment which is on the time- awverage different
from gzero even in the absence of external electric fields.
To find theppermanent moment one must retain out of the
total moment E;faz’ only the constant part which remains
on averaging over the %internal' motions of the electrons
relative to the nuclei. The mean square of the electric
moment is not zero, for all atoms and molecules contain
instantaneous moments which fluctuate with the positions
of the electrons; but the square of the means may vanish,

and if it does the molecule is nonpolar.
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THE DEBYE-CLAUSIUS-MOSSOTTI EQUAYTION

Under certain simplifying assumptions the local

field can be shown to be
Coe = E + 4T/3 P (14)

where P is the total electric moment per CeCe, and
| E is the electric intensity. | |
This expression is the Clausius-Mossotti formula for
the local field and is the basis of the Debye theory of
molecular dielectrics. The usual derivations .of this
expression for the local- field assume that the molecule
in question can be considered to be located at the center
of a spherical cavity in the dielectric and that the
diameter of the cavity is large compared to the sizé of
a molecule. One must remember that the field within a
cavity is a funetion of the shape of the cavity. It has
ﬁthe value (14) at the center of a spherical cavity, a
ﬁalue'ﬁ'within a needle-shaped cavity whose axt§5i9xparallel
tefﬁ}’aﬂd-a,valuef§_=‘§-*4ﬂ§'within a slab-shaped cavity
whose surfaces are perpendicular to E. The term 47/3 P in
equation (14) 1is sometimes called the Minter-molecular
fielé“, and is a correction for the fact that the other
molecules of the ﬁieiectric exert an average force on the

given molecule (induced polarisation) when the dielectric
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12

is subject to an electric field. The idea of induced
polarization is an old one, as it was used in

Mossotti!'s theory of susceptibility}?)

At ordinary féeld strengths for nonpolar liquids
the average electrical moment may be taken proportional
to the local field, thus:

Prvomg = o oot (15)
where «is a constant independent of the density. By
elimination of P and P by means of equations (8) and (12)
one obtains a form of the Lorenz-Lorentz formula:

E-l o 4T are
£+ 2 3

The number of molecules per c.c. 1s proportional to the
density 4, hence for nonpolar media, in general,

E-l L o ET N

£, 7 =5 Z« , a constant independent of density.(16)

This is the well-known Lorenz-Lorentz formula as it was
proposed by L. Lorenz and H.A. lorentz, both in 1880.

- Equation (16) is also known in the same form as above
with e replaced by n®, the square of the index of re-
fraction. Thls exchange 1s permissible provided that
the magnetic permeability is unity, for the index of
refraction is related with the dielectric cohstant and
magnetic permeability according to this eguation

nZ: Er&
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13

provided the term dielectric constant is used in a
generalized sense to mean the ratio of D to E in
periodic fields rather than in the restricted sense to
denote this ratio in static phenomena.

If the dielectfic constant can be considered inde-
pendent of the field strength, P. Debyé ” showed that the
electric susceptibility for polar media (gases only) is
given by the expression :
which is called the Langevin-Debye formula., In this
equation N is the number of molecules per c.c., T the
absolute temperature, k is Boltzmann's ccnstant,,ais
now the magnitude of the permanent moment of the
molecule not the magnetic permeability ( as will be true
throughout the remainder of the discussion), and 1is a
constant given by equation (16). The existence of a
susceptibility requires that the molecule have an average
electrical moment in the direction of the applied field.
The suggestion that part of the electric susceptibility
might be due to alignment of the permanent moments,
restricted by temperature agitation, did not appear nntil
1912, when Debyé3ﬁsed this i1dea in @eveloping his theory
of polar molecules. A magnetic susceptibllity due entirely

to orientation of permanent moments was suggested in 1905
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by Langevin and the second term of equation (17) is
thus an adaptation to the electric case of Langevin's
magnetic formula. By equating equations (8) and (17)

one obtains the customary Langevin-Debye-Clausius-

Mossotti formula: £ - 4@¥V(w-+ a2=)

By a slight generalization of this equation, it was
applied to dilute solutions of polar molecules in
nonpolar solvents. If the molecules are subposed to
have no effect on each other, then

%’2. = ‘_‘_;_i__‘. };‘ N <°Q * 3'E:r ) (18)
where the subseript 1 denotes the ith species of
molecule presenﬁ in the solution.

The dielectric properties of gases can be
satlisfactorily accounted for in terms of molecular
constants by means of the Debye-Clausius-Mossotti
equation. Also 1t holds quite accurately for non-
polar ligquids, and it gives values of permanent
moments which are fairly consistent with those cale
culated from dielectric constants of polar gases when
applied to dilute solutions of polar molecules in
nonpolar solventéf) But in concentrated solutions and
in pure polar liquids equation (18) becomes entirely

inapplicable, as may be seen by close inspection of
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the expression. Equation (18) predicts for polar liquids
many properties which they do not possessf‘”gég.g.it
predicts a critical temperature analogous to a ¥Curie
point®", the theory predicts a stable state of permanent
electric polarisation, all of which are not phenomena
common to many polar liquids. The expression

predicts points of great instability as to variations of
electric susceptibility with pressure, temperature, volume,
and field strength which are not experimentally observed.

The Debye-Clausius-Mossotti theory evidently contains

several fundamental inaccuracies. Among these are:s (1)
the assumption of an‘unvarying moment fér the moleculev

in solution,(R) the inclusion of the reaction field in

the total orienting field acting on the molecule, and

(3) the value of the internal field(*%*)E being in-
afdequate. This value of the intermal field has been
~derived rigorously only for cubic crystals and for very
dilute gasesfu The success that the equation has in
-explaining the properties of polar gases is no evidence
for its general validity since the internal polarization

of gases is negligible.
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THE ONSAGER BQUALION

A number of empirical equations have been suggested
to avoid the inadequaces of the Debye-Clausius-Mossotti
theory and to account for the high electric susceptibilities
of polar liqulds. The most»successful attempﬁ to do this
was the equation proposed by van Arkel and Snoek(l)

eﬁf‘;'_ = %M(“ * CW‘E‘:’E)QT) | (29)
This equation differs from eguation (18) only in the term
© GNpY, which was deliberately introduced to reduce the
importance of the dipole orientation term f5r. With the
exception of the hydrogen bonding 1iquids, the wvalue of
C does not vary greatly from one polar liguid to another
“and 1t is only slightly temperature dependent and for
concentrated solutions of a given polar substance in
nonpolar sblvents it varies but liﬁtle #ith the nature of
the solvent. Mﬁllerm)cdncludes that the term CNM3i1s three-
halves of the energy of the dipole in its own reaction
 field, i.e. | |
cNpr=3Rp (20)
whereas, Bbttchefﬂ)foumd'that the term is just equal to
‘the energy umR, and that Onsager's theory predicts that
value for upon substituting cmpﬁTiﬁ into equation (19)
and using Onsager's value of the reaction fieldéﬁ; he

obtained Onsager's equation for dielectriccconstants.
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In 1936 Lars Qnsageraﬂnoting that the Clausius-
Mossotti internal field was inadeduate, derived an
alternate expression for it. He represented a polar
molecule in a liquid as a point-dipole at the center of
@ spherical cavity of dielectric constant unity in a
homogeneous ilsotropic medium of dielectric constant &
the radius a of the cavity is of the order of the radiu’s
of the molecule. For this model, it is found by classical
electrostatics that the internal field acting on the
dipole may be represented as the resultant of two fields
67and'§; the reaction field R is caused by polarization
of the Surrounding medium by the field of the dipole
(it acts parallel to the instantaneous dipole P and
exists even in the absence of an applied field); the
cavity field G is caused by, and acts parallel to, the

-@applied field E. These fields are found by calculation
to have the following values

— 2 7 et
R =577 a3 F G = Zee7 © (21)

where ﬁ'representsithe instantaneous magnitude and direction
of the dipole and a is the radius‘of the cavity. Onsager
pointed out that the value of the reaction fleld obtained
by his calculations is not strictly applicable to any

liquid because of the simplified molecular model.
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Under the influence of the fields R and G, the
molecule will be polarized so that its dipole moment

will be, not the permanent moment p , but

= 20t ~1) 0t

22 2B+ 05 (22)

2641 (rest)a’

7§=rif+
 where T is @ unit vector in the direction of the
permanent dipole,‘. After this expression is solved for
P, it is easy to calculate the potential energy of the
dipole as a function of its orientation in the applied
field, and by the application of Boltzmann's statisties-
'to evaluaté'ﬁ;wmgz, the average moment in the direction
of the applied field. The substitution of this valué
of average p in equation (12) will glve the Onsager
equation.

It is convenient, sd that the equation will reduce -

to the Debye equation for nonpolar liquids, to substitute

4NN 3 3 (23)
‘ 3
@nd for the polarizability e, the index of refraction
e TM e ‘
ot s e = Dt v Bo ) (24)

where ¥M/d is the molar volume of the substance.

Then Onsager's equation for the dielectric constant
of polar liquids with the added supposition that terms
involving powers of E'higher than the first are
negligible is

E-m™ 2&+m> 4 N M
€ (M) 3 3kT (25)

!
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In the development of the theory.no account was
taken of the optical anisotropy of the polar molecule.
It is known from measurements of the Kerr effect,and
of the depolarization of scattered light in polar.gases
that the polarizability along the dipole axis is in
general different from the polarizability averaged over
all directions; Onsager reallzed that this method can
give only a rough approximation to the value of the
reaction field for several reasons: (1) the treatment
 of the molecule as a sphere containing a point dipole,
(2) the treatment of the environment as a homogeneous
continuum, (3) neglect of dielectric saturation in
bconsidering thgéffect of strong fields in the vieinity
of the dipole,(4) and the arbitrary choice of the
value of a, the radius of the cavity.

Botteher’”found by use of equation (25) that
permanent moments caleulated by this formula are
sufficiently independent of temperature and are in
good agreement with values determined in gases and in
dilute solutions except with associating liquids (water,
alcohols, and organic acids) and in cases where the
dipole moment is changed by mechanigal interaction of

the molecules (esters, etc.). He found that for liquids
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possessing high dielectric constants the method was
better than determining the permanent moment in
dilute solutions.

Kirkwoodoudevised a very elegant theoretical
treatment which takes into account the effect of
assoclation and placed the theory on a firmer foun-
dation., PFor a liquid made up of molecules of permanent
moment and polarizability zero (i.e.,n”=1), he deriwed
an equation of the same form as Onsager's but with n™
replaced by unity and wreplaced byF-"ﬁ . —‘F is the
average resultant of the moments of all molecules
included within a spherical volume, of radius large
compared to molecular dimensions, circumscribed about
a given dipole as a center. Then the value of'F*ﬁC
calculated by statistical methods, formally accounts

“for dipole association in his theory. Assoclation of
polar liquids has not been studied further in this
discussion.

George Jaffd “has applied two propositions in the
calculus of probabilities to the analysis of the local

' field in polarized dielectrics. He found an implicit
formula for the dielectric constant which represents

the extension of Onsager's result to dielectrics of
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variable dénsities down to the densities of gases.
There is a formal éimilarity of Jaffe's results with
those of Kirkwood's modification of Onsager's theory;
but it is apparent that Kirkwood's treatment is
superior to Jafféls as regards the atomic and molecular
picture. However, Jaffé established a more general
connection between the actual permanent moment roin

vacuo and the 5 in solution then did Onsagér.
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DISPERSION AND ABSORPLION

An anomalous dispersion for liquids for relatively
long waves, i.e. a decrease of dielectric constant with
1ncreasingkrequency, was first observed by P. Drudé$f
who found that the effect existed énly for a certain
kind of molecule where special groups, -OH, -NH,, existed.
P. Debyéaﬁnoted that the characteristic property of the
liguids with anomalous dispersion is the polarity of
their molecules, and that the effect represented the
transition of the combined orientation and distortion
polarization to a pure distortion polarization of the
molecules. The dividing line between the two effects
occurs at a frequency » defined by wv=A, where ~ 1is
the time of relazation of the liquid, er the time required
for thgﬁoments of thé molecules to revert to a random
distribution after removal of the imposed field. In his
analysis Debye found that for periocdic fields the factor
determining the orientation part of the dielectric

constant should be multiplied by a complex factor

et ®
The meaning of the complex factor is that there exists
a phase difference between the moment and the internal
force. This phase difference between field intensity
and polarization is always accompanied by energy

absorption. Therefore, as a result of the existence of
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of a finiﬁe relaxation time one will not only en-
counter dispexsion but also absorption intimétely
connected with it. ‘

Debye‘”applied this idea to the Debye-Clausius-
Mossotti equation for dielectrics and it is the object
of this section of the discussion to apply the same
idea to the Onsager equation and thereby‘thaﬁnldispersion
and absorption eguations for polar liquids.

The Onsager equation is

(e-mm) MY AT ()" s (25)

In order to simplify the equation to one of the first
degree in & to faeilitate its solution, it is supposed
that € is sufficiently large that

28 4+mT m

= e 2.
3 2 ) o

Then multiplying the moment by the complex factor

/
s+ T

and substituting the complex dielectric constant & = €-<&’,
one obtains the followling equation which contains both
an absorption equation and & dispersion equaﬁion:

AN L Téé:? (26)
where - %gg/n- ~and J= (~*+2) , Now by equating
the real terms and the imaginary terms of each side,

these equation§éesult=

for dispersion = &£’ = A & Fééﬁ?k (27a)
for absorption " = %%%%%; (27b)

It can be seen by differentiation of the above equations

that equation (27a2) does not show a maximum value for
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the dielectric constant but that equation (27b) does
possess a maximum value, €' way ,2t a2 value of «wT=4,
There is no suitable experimental data avallable to
enable one to discriminate between these equations
and the Debye equations but in view of the sucecess of
the Onsager equation one will prefer these equatibns.
Both these and the Debye equations give curves of the
general form of the experimental data availgble on solids
and highly assoclating liquids, both of which are excluded
. from the theory. If E'wais the value of the dielectric
constant at the frequency where ¢"has the value &uay,
then
= B md tme e B (2g)
By applying the fundamental theorems of electriclty
and supposing that the direct current conductivity of
~the dielectric is negligible, one can show that if,'as
~in polar liquids, the medium has a complex dielectric
constant, ¢ =e-ie” , then the liguid has a complex
conductivity, ¥- 3 +:i¥" , where
u glw

and e B (29)

4T

. e-l(u)
¥ = o aT

Generally, the alternating current conductivity is not

referred to but instead one uses the loss angle v
defined as h = %—9

where & is the phase angle between the instantaneous
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current and voltage vectors. Then

tanVl = -El = ___Z.s"-

£ a,u
and the familiar power factor is given by

" 1
€ 3
CoO8 6 = =, =
\/6"?--]- gl 2 \/Klq_+ ’" —

The scalar product of the current and voitﬁge

vectors gives the instantaneous power consumed by the
system and th® mean power can be obtained by inte-

gration over a whole number of half periods giving:

mean power per second = § —= % [esc
2.
mean power per cycle = ¢ if g fecyela

where E, is the amplitude of the voltage vedfor. (E.
here is not to be confused with E the electric intensity).
It is easily seen that since the loss factor =“
depends on the frequency;that by equation (29) the
conductivity factor & will also depend on the frequency
. aceording to ¥' = éﬁ 'Tfi;%n
A study of this equation shows that the conductivity of
any dielectric to which the equation applies should
always increase with the frequency, where it changes at
all. The most interesting feature of this equation is
that.as the frequency increases indefinitely, g’
approaches a limiting value ¢,
(o= B34 » (30)
- According to E. Murphy and S. Morgan , the leveling
off of the conductivity curve at high frequencles is

not observed in all materials. For many materials the
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conductivity continues to increase as the frequency
becomes higher, although the rate of increase is often
not great. The equation was obtained by making the
simplest assumptions which could be made regarding the
structure of a dielectric and it is to be expected
that many complex materials will not have a
conductivity which obeys these equations.

The comparison of equation (30) with equation(28)
bringd out the contrast between the maximum dielectric
loss per cycle £ smnr and the maximum dielectric loss
per second %o . The maximum dielectric loss “per cycle
is completely determined by the difference between the
static dielectric constant and the optical dielectric
constant, n*.

£, - m™T = (;S
On the other hand, the dielectric loss per second % |,
depends as well on 7 . T usually varies with temperature
whereas FS changes comparatively siowly with tempera-
ture. The temperature dependence of the maximum
dielectric loss per cycle is related to éhe polariz-
ability of the material; whereas, the temperature
variation of the maximum dielectric loss per second is
primarily a measure of the change of internal friction

with temperature.
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A METHOD FOR DEUERMINING DIPOLE MOMENYS
FROM SOLUYION DATA |
The Onsager equation can be applied to solutions
of any number of components of liquids both polar and
nonpolar. The equation for solutions of polar liquids
does not yleld any interesting results because ofvthe
presence of the electric moments for 2l1ll the polar
molecules; however, in case one of the components has
@ nonpolar molecule, then the two componeht equation
should yield a method of calculating the electrilc
moment of the polar molecule.
The general Onsager equation for an n-component
solution is_’

v BV- Zow (b e ) e (o
where %;,—'Vis the molal polarizability of the solution
«; 1s the polarizability of ith molecule

~; = mlos 3 < 3 Z.V:

— a; ,eand a; =
2l e 2 ‘ +7 N.,

V 1s the total volume of solution

€ 1s the dielectrie constant of the solution

V: 1s the molar volume of ith component, V= ¢
%:1s the mol fraction of ith component in

N
/V+ N

solution, <.

Then the equation for a two-component system made
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up of a2 nonpolar solvent and a polar solute will be as
follows:

o e( =, +),} ol e(n, 72/ *l/

SIV = M o, + N, /%: T (32)

where - A A T
o =3 '77)";.’3 -4——-7} _;I_’_ M 9(2’ - —

}'

@and the subscripts 1 and 2 refer to nonpolar and polar
molecules respectively. |

A new equation can be obtained by differentiating
this equation with respect to the polar molecule concen-
tration and by applying this differential equation in
the 1limit :as the polar molecule concentrafion approaches
zero. Then for the pure ponpolar solvent &= m~ . The
simplified equation for a nonpolar component and a polar

component is

*

€~V = BEI MKV, 4742 e M XY e ary ot » ML
o . L e . lﬁ
4*#’@ CUE AT TAT Zermr e " me2E g2 SkT

M.
A
Remembering that «x, = zn@ = f;—,,f v, = x, L s Then
[
g1 w, L % >/ /
TV = 2 3¢ 7 = v,
4w BT M T [‘—ﬁlv’,uwu,” [t ..257-*'»»/ (33)

Differentiatien of the right hand side of the above

equation gives

7 de ¢ ':‘_z]
dxz 3&7/‘ a7 v (™ [j[ (.264-44’*)"‘ s * st +mr Ay
+ VL;_(’“?V ~J( %o m) Mq, —26‘-/"1]/ (34)
Since x,+x, = 4 s then ff’zii. In the right hand
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side of the above equation let «x, approach zero, then
x.—1 and also t¢= m{ (nonpolar) which gives
2 () <k ppt %r{v,(mf—f)[é %5 ] vt 3oy ]} (35)
Now differentiate the left hand side of equation

(34) to obtain . A
f dv de
L (4iv) - flenE, v Vg ]

Ax,\ AT
M, Mo
and assume that V= (=% g+ g, 2
whence dv _ M. _ M -y -y

dxy = Aa A
so that one obtains

2 () - AV remtnu)] (36)

Then the final egquation becomes

o of L 4t —l} v (wt-;) £
- aqrl * {v,('u,")[ge dx, 13V ae+my
(V + (e -1)(V, \/)) EPE (4‘.1_{,‘1' -+
or S :
:.’:E_\_/L_'_"L/_ E/ e+1) (€-mi)V, _ 4axL %
M:.ra 2ermr 3kT l“’-/*t (37)

This is the equation which may be used to calculate
electric moments from experimental data on solutions of
polar molecules in nonpolar solvents.

To get values of electric moments in solution, one
must note that Onsager gives for ‘Asm solution

2€6*/ 2E+1
oo B et i G T e (38)

where p, is the electric moment in an environment of

dielectric constant e, Then the final equation is
de ~m3) Vi Tl 3¢ \*
Vi Z)?,_( * 3—6.7%15%% = o= ;kT (:N--H) /u"“ (39)

It appeécrféc that this equation will give very
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accurate values of permament electrié momeﬁts pro-
vided accurate data are availéble from dielectric
constant measurements of dilute solutions of polar
molecules 1In a series of nonpolar solvents. One of
the chief difficulties in applying this equation is
the evaluation of ﬁ%i_as x,>4 This can be overcome
somewhat by evaluating ﬁ/;,_(%',’; V)/ 0since £E2V  at low
polar molecule concentrations ggﬁépproximately a
linear funetion of'the concentration for many polar
molecules.

F. Muller ~ and others  ~ have shown that the
value of the permanent moment obtained from solution
measurements depend in a systematic way on the
dlelectric constant of the solvent. In order to
obtain reliable values for the permanet moment of a
free polar molecule from studiés on its dilute solutions
it 1s necessary to make measurements using a variety
6f solvents and to extrapolate to dielectric constant
of unity. S. Sugden“z)has suggested a convenient
method for performing this extrapolation. Onsager gives
the effect of surrounding matter of dielectric constant
e and refractive index n upon the electrie momentyq,
in free space, as

(40)

ot
M A3

et = 25+ B e = {op
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In this equation { is always greater than unity and
it indicates that the most satlsfactory solvent to
use for electric moment determinations would be one
of low refractive index as well as low dielectric
constant. This equation was derived for liquids. If
the density of the solution differs greatly from a
normal density of liquids, the results of G. Jaffé's(m
theoretical treatment of the local field in
polarized dielectrics may be used. Jaffe obtained,
as a general connection between the actual electric
moment p at variable densities and the moment Iu, in
free space, the equation
g .4 = /“/,4,,
where =, - 4";"’ 57

s, 1s the nearest distance of approach for

|l

Z2,- °°.¢_=,‘t
rye "’Lf““‘ W

two molecules,

o z(i"). 47N ot
3‘ ae +1 3

« 1s the polarizability of the molecule,
+ 1is a parameter,
ojg.@is the logarithmie integral -F:f(z+f)which may
*3  be evaluated from mathematical tables.
For liguids 2z, is usually put equal to unity, then the
general equation (41) becomes
oo
@ g) = /h/,u.: = 1+}e/’%f f-;”‘* ) (42)
%
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If in case Jaffeé's implicit formula for the dielectric
constant 1s to be the same as Onsager's equation, then
Jaffe's function must be the same as Onsager's

relation between 2 and pe OT

¢ Gg) = p e = TR T (43)
Throughout this paper Onsager's fb.and Jafféts rb
mean the permanent moments in free space. Equation (39)
is used to calculate the permanent moment value in
solution, then equation (40) is used to find Onsager's
Mo in free space and equation (42) is used to find
Jafférs po in free space. Onsager's po and Jafférs pro
are the result of application of two different theories
of solvent effect to permanent moment values in solution

calculated by equation (39).
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CALCULATIONS

The equation for calculating permanent

moments from dielectric constant measurements is

2.

Vg | e 2lermpha - S e )t
Take as ,a;;*example for calculation the recent data
on benzene-morpholine system measured by Smythxand
Lewis who obtained & permanent moment value of u=!5%.
(J.AmeChemeSoc. 61, 3067 (1939)). Partington and
Coomber (Nature, 141, 918 (1938)) obtained a value
of /A:l-48iﬁ benzeue .+ Graphically, from a plot of

EVS.X,, the value of -:(7,?&,_[ was calculated as 3.50.

Xy O

Other properties of benzene and morpholine as given
by Smyth and Lewis are:

benzene morpholine

v, = 87.4 o U, = 87.9 e

£ = 2.2T6 oA 25"

3

M‘z‘_‘_ = 2.1

. 8L 84\ L
Then 89.4(s50) + 50 (or) 874 - ¢as x 097 (& )/u
or po= P8 x 7% - 1862
By the Onsager theory: ., - 4 £ . stew
By the Jaffé equation: po ’,-/fa_‘:? = 57D

Onsager's M. and Jaffé's Mo are the direct results
of this thesis and they are to be compared to the

accepted permanent moment values.
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Here are some additional calculations made from

data obtalned from the recent literature.

This data on ethyl bromide in carbontetrachloride
solution 1s from Goss (J.Chem.Soc. 752 (1940)). The
temperature was 20°C. and the slope de/dx,.was obtained
by numerical interpolation. He obtained a value of

p= 1.98 and the accepted value is about p= 2.00.

vl = 96.8" . '/1,= 4. £ ’ ., é_t = 465
cdf { ; W IS SN 7 {;7’ 5 I

k
€ = 2.29 - 2,03

Pl i (4 os) + ©TF (0.2,) 9k of - .83 x 1677 (247 /u
6.7

M= 24D et (Mq.,.q,)/«, - .95 D ’./&_“#{/ po = 2.87 D,
' This data on chloroform in carbontetrachloride

solution was measured at 20°C. by Goss. He obtained

A value of M= 1.05.
cd“{\/,:?é.r . W&Z3[ -:":7 J gv = I-ry

e = .29 4
b (1-49) - zé-l_;za-/f}aa..s -~ .33 % 0%7 (rve) pu ™

M= lB32D @rrmagers pto = V¥ N od 2 &effpeo /40—_/1‘2_
For a comparison of measurements made in two

solvents, take Goss's measurements made on ethanol in
both carbontetrachloride and benzene. In bénzene at

20°C, he obtained Vi 25 Ade
beagprne {7894 wdhant [ TN 0 B, - 2

€« 2,28 = b

6 LL (0.43) 5%.4 = 6. 37 ¢ 1) >
g7.4(2.88) + £L= (0.43) 534 .33 x ;057 (1) M

M= L TED amd  Boangico ',,-.-z‘n.o;.,z._#“,«a—-hé’lb
In carbontetrachloride at 20°C, he ohtained

Y 56.47 L ¢ Viz 5.9 de —
Lu4' ts 2.24 { e 5 . .98
yé_‘,—(¢-¢~r} had 2—323]—(037) ST 4 = 6.33 x/pQ?

, _:1.7/0.
M= ], £5 D cer—ol @a»—’w/‘c""é/dj W/u:
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Data on tetranitromethane in carbontetrachloride
solution by Smyth and Lewis (J. Am. Chem. Soc. 61, 3067
(1939)) at 25°C. gives

V= 97.4 | Va = 12%0 , ke { = 0.31
€ =224 '3z = 206 L%z

xt—ré

4 (0.31 672
91.4 (e.31) + =3

"Solu.:o'75‘b . W /44, = ©0.68 ot J%:l‘ /A. -~ 0.69
Smyth and Lewis found p-ontand added that the permanent

37 =
Co.s8) 127.0= 6.22 x 10 (/VP) prse., and

moment might be attributed to the unaccounting for
atomic polarization in their equations. Coop and Sutton
(J.Chem.Soc. 1269 (1938)) found p=o.39in the gas and
Williams (Physik.Z. 29, 27 (1928)) found m=e20 in
benzene. It appears that this method gives as good values
as does the present Debye dilute solution eguation. Neither
the Debye equation nor the Onsager equation take formal
account of atomic polarization ' in complex molecules. Therex
fore this dipole moment value does not definitely catalogue
tetranitromethane as a polar compound. It is included
not to séttle a controversy but to illustrate the results
of this new method as compared to the present ﬁeﬁhod for
calculating polar moments.

Data on nitrobenzene in benzene solution by Williams

(Landolt-Bornstein Tables, Vol. 2, pt. 2, p.1002) at 25°C.

gives v, = 88.5 i vV, = 102.5 ) de / ~ 224
e = 2.23 ’ }?:‘ = 255 ’ ﬂ{x" )rt_-aa
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S50 that gg's (224') -+ CZ.—-g—é ( 0.0{)/02.6 & 22 o ﬂsctu. (/.J'/}

and . - 460 . meﬁm;rwz 3.97 awd Jaffie po= 421D,
Goss found p= 438 and the accepted value in the gas
is p=425,

Data on hydrogen persulfide in benzene solution at

25°C. measured by Smyth, Lewis, Grossman and Jennings

e s | o tt—rt—

v, = 28.5 . Vo = +9.6 ; .‘l/.é/ ~ 2,10
€= 228 ~ u* . 2.67¢ “xl
z >
.84 - 37 >
825 (2.10) + £4% (-0.36) #9.6 = 6.2z x0T v uly

Iuéolu.: 154 D MZM’” ,Ao= 116  cnd Ja%{,; po= 1.23 D.

They obtained a permanent moment value of 1.17.
Data on n-propyl borate measured at 25°C. in

s ¥ i | Somrart————. | tm—

1529 (1939)) gives

\4: F9.5 V., = 229 4__5/ x~ —p. 08
€= 228  _:.709¢ e

»*, ro

37
- x /0 C s 87 =
#95C-0.0r) + £2F (0.34)220 = &2 XU Cne) pl

Poolua. = 0 89. Maapvi po= o 77 J._&Z/; po = o .82
Their calculations from the benzene solution data gave
a permanent moment value of 0.,77.
Data on i-butyl borate measured in benzene solution

at 25°C. by Smyth and Lewis (J.Am.Chem.Soc. 62, 1529 1939)
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gives
£9.5

v,

It

R274.0 e
1.96%2 dku( * —o.03

M’;_ = Xpvo

Vi,

it

£ = 2.28

]

63‘[ 37 , 2
895 (-0.03) + 227 (e-37) 27%.0 6.2 x oV (rwr) pu,

=09 . . .97 = 0.8 s . 097 .
/“Sal«. = 0.97 @upa%Um 'uOQ iie 4 JA%'A !\40 __1_089 - 6.89

They calculated.p4=o.gs in benzene solution.

Data on acetonitrile measured at 25°C. in bengzene
solution by Smyth and Lewis (J.Chem.Phys. 7, 1085 1939)

gives
VvV, = 895 Vo = 52.8 de k

- a 158
¢ = 2.2% n, = 1.805 )

X, ro

37 2
37&(/\.5'3} + ;-;?J;J{D‘¢7/ 528 = 6.2 x /¢ ¢t ) /4504«.

footn. = 3:91 0. Mo (@ueage. ) = 3.3 7. Jm%é/; fro = 3.60
They calculated p=3.51 in benzene and p= 3.95 in hexane.,

Data on n-butanol measured at 20°C. in carbontetra-
chloride solution by Rodebush, Eddy and Eubank (J.Chem.
Phys. 8, 890 (1940)) gives

v, = 96.5 V, = 91.5 de ~ 235
€= 2.24 n? = 1.96 d“’—L_,,, .

il

96.5 (3.35) gl% (0.28) 91.&

x \37/ 2.
= 6. 33 % 2oV costr) put

1,95

nglv« = 195 M @VLGQXAA’ IL(o = i-;:L

[l

3 . 195
1.69  dafles po = “=2 = £.RO
Goss gives a value of the moment of 1.68 corrected for
the solvent influence by his method and the accepted

value of the moment in gas is 1l.66.
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The following table gives a summary of the cal-
culations made from recent data in the literature. The
first column contains the accepted values of dipole
moments in the gaseous phase, Column two contains the
values of permanent moments as corrected by Goss.

Columns three and four give the permanent moments as
calculated in this thesis by applying the Onsager solvent
effect correction (in column three) and the Jaffe solvent

effect correction (in eolumn four).

M. Vaoss foseger Mooy
Acetonitrile 3.51%  3.37 3.60
n-Butanol : 1.66 1.68 1.69 1.80
i-Butyl borate 0.85% 0.84 0.89
Ethanol ‘ 1.68 1.68 l.61 1.71
Chloroform. ' 1.02 1.05 1.15 1.22
Ethyl bromide _ 2.01 1.94 1.95 2.07
Hydfogen persulfide 1.16 1.23
Morpholine 1.58% 1.60 1.71
Nitrobenzene | he?23 4e38 3.97 A.21
n-Propyl borate 0.77% 0.77 0.82

Tetranitromethane 0.39 0.71% 0.66 0.69
#* From calculations made by Smyth and others.
The results seem to agree very well with the

accepted permanent moment values.
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Values of the Solvent Effect Factor

Both the Onsager and the Jaffé solvent effect
factors were calculated for several common nonpolar
solvents. Properties of these solvents were obtained
from Muller's data (Physik. Z. 38,286 (1937). The values
were measured at 20°C. and the index of refraction is for
the Na-D line. Jaffé's solvent effect function is always
smaller than Onsager's function and both are always greater
than unity. This indicates that the influence of the
solvent is always to increase the permanent moment of the
polar molecule in solution.

Here are the values for Jaffé's ¢(,q) and Onsager!s g -

@(1,4) = l+‘{rekq’§:’=;u where ¢ - 202 f‘,—}‘l
bo- A
For pentane: €:1.835 and ¢ = 1.050
w:1.839 k= 1.082
For hexane: ¢- 1.908 and = 1,056
= 1.910 L= 1.096
For benzene: ¢-= 2,284 and @= 1.089
9z 24253 y= L.160
For 0014: £ R.236 and - 1.080
W 2,132 §= 1.140
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CONCLUSIONS

This thesis contains.the general theory of
dielectric and magnetic media up to the polntwhere
specific suppositions must be made. Then the.
study was limited to dielectric phenomena. Next,
specific assumptions were made and theaﬁebyé-
Clausius-Mossotti and Onsager equations wére
discussed and criticised to some extent.

Using the Onsager equation as the best
appréximation to actual conditions yet proposed,
an absorption and a dispersion equation was
discussed and related to thé alternating current
conductivity of the medium.

In the last section an eguation for cal-
culating permanent moments from dilute solution
measurements was derived and tested. The use
‘of this formula togebther-with a suitable accounting
for the solvent effect offers to give the most
accurate permanent moment values available at this

time,
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