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ABSTRACT

The purpose of this investigation was to gain infor-
mation on the relaxation processes of certain small polar
molecules, both in the liquid state, and also in the super-
cooled liquid and glassy states.

The first part of this study was carried out on dilute
solutions of nitroaromatic compounds in benzene at 25 and
60°C, using UHF transmission line techniques to measure the
complex dielectric constants.

Relaxation times were found for the various compounds
studied. In conjunction with data previously obtained in
the microwave frequency range, the data indicated a depen-
dence of the relaxation time on the volume swept out by the
molecule during relaxation, rather than on the molecular
volume.

The second part of this investigation was the develop-
ment of an experimental technigque to measure the comp ex
dielectric constants of supercooled dilute solutions of
small polar molecules in the weakly polar solvent, ortho-
terphenyl.

The presence of a low fregquency, cooperative relaxation
process in the supercooled state has been well established
by previous experimental work. Johari and Goldstein, among
others, have proposed the existence of a second relaxation
process, due to hindered reorientation of solute molecules
"encaged" by relatively immobile solvent molecules. This
A -process should require a much lower activation energy
than the d, or cooperative process, and thus occur at lower
temperatures and/or higher frequencies.

As a result of Q-meter measurements in the RF region,
this G -process appears to occur in the temperature-frequency
region below -70°C and above 5MHz for the compounds studied.
As expected, its magnitude is much lower than that of the
ol peak, previous studies having indicated that the O -process
accounts for the majority of the total loss.

ix



DIELECTRIC RELAXATION IN THE
UHF AND RF REGIONS



CHAPTER I

STATIC PERMITTIVITY

All atoms can be thought of as having a particular
spatial distribution of electric charge. That distribution
is characteristic of the electronic configuration of the
atom under consideration, and is also affected by neigh-
boring charge distributions. This inherent charge distri-
bution of the atom (or molecule) under study can be
affected by an external electric field, and that effect can
be measured. The study of such interaction between matter
and electromagnetic fields constitutes the field of dielec-
tric phenomena.

Since molecules are combinations of atoms, the charge
distribution of a molecule depends on the types of atoms
involved and their structural arrangement. In an electri-
cally neutral molecule, although there are equal amounts of
rositive and negative charge, that charge may be distri-
buted in such a way that the positive and negative centers
of charge are physically separated, thus giving rise to an
electric dipole. Another wav to express this is to say
that if a molecule belongs to the point group C;, then it
does not have a permanent dipole moment. It may, however,
possess quadrupole or higher moments which, in most cases,

probably make negligible contributions to the electric

2.



moment.l

In this paper we will be concerned with the permitti-
vity (dielectric constant) of certain materials which, in
most cases, are polar; i.e., they have permanent dipole
moments.

In regard to the derivation of the mathematical rela-
tions necessary to analysis of dielectric properties, we
will first consider a parallel plate condenser. The plate
area is large compared to the separation between the plates,
and there is vacuum around the whole apparatus. A poten-
tial, V, is applied across the plates and they acquire

charges +Q and -Q per unit area.l The capacitance 1is

defined as

/ 1.1/ cC.=0Q/V

+Q . - ~Q

Figure 1-1

When an isotropic, non-polar dielectric is placed
between the plates, (Figure 1-2a)t the electric field due
to the charges on the plates will polarize the molecules of

the dielectric; i.e., it will cause a distortion of the



normally symmetrical charge distributions of the molecules.

(Figure l—2b)2

o7
j/: _
‘HQ+P)+;§%'-%Q+9 ~
:% —

No Field Field Applied

(a) (b)
Figure 1-2
The capacitor can now hold a charge (Q+P) at potential V,

.and the capacitance is now

/ 1.2 / C = (Q+P) / V.

The (static) relative permittivity is defined asl

/1.3 /  €,=C/Cq = (Q + P)/Q

The permittivity is thus dependent on the polarizability of
the material. For a non-polar molecule, polarizability
arises from two sources, displacement of the electrons
relative to the nucleus (electronic polarization), and dis-—
placement of the atomic nuclei relative to one another
(atomic polarization), with electronic polarization usually
being predominant. If a polar molecule is used instead of

a non-polar one, a third effect contributes to the total



polarization of the molecule. The permanent dipole of a
molecule will attempt to align itself parallel to the inci-
dent electric field, in opposition to the randomizing
effect of thermal agitation.l

Obviously, then, the total polarization of polar mole-
cules will be temperature dependent; whereas the only
effect of temperature on non-polar molecules is to change
the density, giving a small effect on the polarization.
The total polarizability of the molecule is designated CzT ’

and is the sum of the electronic, atomic, and orientation

polarizations mentioned above; i.e.,

/ 1.4 / a =ac+ae+a

T o)

When a dielectric material is subjected to an electric
field of intensity and direction E, displacement of the
charge distribution occurs such that a bound surface charge
P is induced. These two vector quantities are related by

the equation,l

/ 1.5/ €& = | t+ 4T P/eE

Assuming that the individual dipole moments within such a

volume are additive,l

/ 1.6 / P = Nl</'L>

where Ny is the number of dipoles per unit volume. Also
assuming‘<yg>is proportional to the local field strength,

F, (not the same as E),l



/ 1.7 / </_L> = @g_F

where QT is the polarizability, then,
/ 1.8/ P = N a_F
T I T

This can be divided into two parts:

/ l1.8a / PD=N1F(aa+ae) , and

/ 1.8b / Po = NiFa , with Pqp = Py + P

O o*

The problem of determining the static permittivity of
a dielectric is best considered as a two part problem.
First, Qg - the contribution of the permanent dipoles of
the molecules to the polarizability, must be calculated;
and second, the local field, F, i.e., the actual effective
field at the molecule, must be calculated in terms of the
applied field, E.

The first theory proposed, and the first which we

3 He assumed that the

shall consider, is that of Debye.
structure of the material exerted a negligible effect of
the orientation of the permanent dipoles of the molecules.
The distribution of permanent dipoles about an applied
field is in accordance with Boltzmann's law; thus, a dipole

of moment J7 and with angle 8 to the applied field has a

potential energy,
/ 1.9 / U = -jL Fcosf (F # E)

and the probkability that the dipole axis will lie within



the solid angle dw, centered around § is,

e)(D[(/.J.Fcose )/kT]dw
fexp[(/u,FcosQ)/kT]dw

If dw is the solid angle between 8 and 9+ d@ , then

/ 1.10 /

dw = 277sin68 d8 , and the average value of the dipole com-

ponent parallel to the field is

/ 1.11 / [;Lcosee'LLFcose/kginQdG

/J-<cos9> = .

‘/o‘ . /_J.FcosQ/kTsineda

Substituting x = cosé?, and integrating the numerator by

parts, we get

/112 / <gos8> coth(wF/kT) — (kT/pLF)

<cos8> = L (uF/kT).

A function of the general form L(y) = coth y - (1/y) is
called Langevin's function, and for field strengths that
are normal in permittivity measurements, fLF/kT<K 1, so
that L(y) can be approximated satisfactorily by y/3. Thus

the polarization due to the dipoles is
— _ 2
/1.13 /P, = N p<cosf>= Ny pu“F/3kT

where Ny is the number of dipoles per unit volume. The
polarization due to distortion has been found previously in
equation 1.8, and on adding these two contributions, the

total polarization is found to be3



/1.14 / Po=N(ag+ p73TIF 5 a=a, + a.

The first part of the problem has been solved, and it
remains now to calculate the local field F in terms of the
applied field E.

In order to determine the local field, certain assump-
tions must be made. First, the following model is postu-
lated: A sphere, large in relation to molecular dimensions
but small on a macroscopic scale, is envisioned with the
point at which the local'field, F, is to be determined, at
the center of the sphere. The interior of the sphere is
considered to be composed of individual molecules and the
surrounding dielectric is a continuum. !

The local field, F, can be thought of as composed of
three components; F; which is the contribution from the
free charges on the capacitor plates; F,, from the free
ends of the dipoles on the surface of the imaginary cavity;
and F3, which constitutes the contribution from the other
molecules which are, in reality, within the cavity and thus

1

close enough to affect the field at the center. By

definition:

/1.15/ F =E = 4w Q/e, .

The contribution from the free ends of the dipoles lining

the surface of the cavity can be calculated by referring to

figure 1—3.l



2
-—qared = 27r sinB8dé
940

Figure 1-3

The charge density of the cavity walls is caused by bound
charges, and is thus determined by the normal component of
the polarization, P. Since the cavity was assumed to be
spherically symmetric, the horizontal components of P
cancel out and only the vertical components need be evalu-
ated. These give a surface charge density of Pcos8 normal
to the surface, and a component parallel to E of Pcos?8 .
Using Coulomb's law, Pcosze for the parallel component,
dividing the cavity walls into rings of areava%nQ dg ,
and integrating over all g , the field contribution of the

cavity wall ist

1.16
/ / E =fv27PC0528r253n9d9 _ _ATP
2 ) esor‘2 3e,

Since F, can only be determined if information on the geo-

metry and polarizability of the molecules within the sphere



1o0.
is available, and then only after extremely difficult
mathematical treatment, the assumption is made that these
contributions cancel each other so that

/ 1.17 / F, =0,

4

an assumption first made by Mossotti in 1850. Thus, we

can now write:

/ 1.18 / F=F +F =E + 4mP/3e& ;

and froﬁ equation 1.5,
/ 1.5' / amP = (€, — 1)eE

which, upon combination with equation 1.14 give
/s 1.19 /  P=N,(a +u¥3kT)e, +2)E/3

which can be rearranged to

/ 1.20 / _
Sl + 2
e T 4mN(a L/3KT) 36,

(o]

We would like to remove the dependence of the polarization
on the density of the substance; and as long as the mole-
cules themselves are the dipoles, then this can be done by

utilizing the relation,
/ 1.21 / N = NIM _ g5 023 x 1023

where Ng is Avogadro's number, M is the molecular weight in

kilograms, and is the density in kilograms per cubic
g P



11.

1

meter. Substituting N, into equation 1.20, we get the

Clausius-Mossotti relation,

e 47N
o M o 2

the left hand side being called the molar polarization.
The analogous equation for energy in the optical region is

the Lorentz-Lorenz equation

/ 1.23 / 2 _
n_- | M_ = 27N (4 + %) -

n +2 p 3¢

For the Clausius-Mossotti equation, €, is to be a real
quantity. The equation can be generalized merely by sub-
stituting 6* for éb.l It must be kept in mind that these
equations are valid only so far as thé assumption that
F3 = 0 is a reasonable approximation of the real situation.
Debye's two main assumptions were, (1) The molecules
will be distributed according to Langevin's law, and (2)
The Lorentz field applies; i.e., F3 = 0. The first assump-
tion is probably only reasonable for the case of liquids in
which the dipoles experience no strong local interactions
due to neighboring molecules. The assumption that F5 = 0
will not apply to crystalline solids and will probably only
approximate the true situation for gases at low to moderate
pressures, and for dilute solutions of polar molecules in
1

non-polar solvents.

From equation 1.23, it can be seen that, for a non-



12.

polar material, the molar polarizability should be a con-
stant, and the permittivity should be directly proportional
to density.l

For a polar dielectric, the molar polarizability
should be linearly related to 1/T, and p can be found from
the slope of a plot of molar polarization versus 1/T.

Further analysis of this equation shows that there should

be a temperature,

/ 1.24 / T o= 47 Nopps” 7
9IM ke,

below which spontaneous polarization occurs and the mate-

rial becomes ferroelectric.l

Although a few crystalline
ferroelectric materials are known, this phenomenon is not
common. As an example, water should, according to this
equation, be ferroelectric below 1100°K thus making life on
Earth impossible. This is an obvious instance of the non-
validity of the assumption that Fj3 = O.l One attempt to
improve this situation was made by Onsager.5
Onsager's calculation of the local field is based on
the following model: "The molecule is treated as a
polarizable point dipole at the center of a spherical
cavity of molecular dimensions in a continuous medium of
2 ol

(static) permittivity n The cavity size is defined by

the equation:

/1.25/ 4a7Na /3 = |



13.
which merely says that the sum of the volumes of the spher-
ical cavities equals the total volume of the material. As

3

in Debye's theory, the assumptions of a spherical cavity

and homogeneity outside the cavity, 1imit applicability
to dielectrics with no strong local forces. !
The detailed derivation of Onsager's equation can be

found in any book on the theory of permittivity. The

result is:

2 2 2
/ 1.26 / (Eo_n )(2€o+n) 47TN|ILL
2 2 = >
€.(n"~ + 2) 9k T e,
where an "internal refractive index", n2, is defined as

/1.27 /(2= 1)/(n*+2)=a/ka’= amNa/3e, ;

and where

I

/ 1.28 / | —ra/d® =326, +n’)/ e +1) (i +2)
/ 1.29 / anNa/e,=3(n"—1)/(n+2) ;{rzz(éo—t)/(zécﬂ)so}.

Comparison of the two theories shows that while
Debye's theory predicts the occurrence of ferroelectricity
(incorrectly in most cases), Onsager's theory predicts that
ferroelectricity will not occur. Both Debye and Onsager
use "semi-statistical” methods, in that the calculation of
the dipolar polarizability uses statistical arguments,
whereas the calculation of the local field are based on
1

macroscopic treatments of specific models.

Two theories which attempt to carry out a complete



14.
statistical treatment of the problem are those of Kirkwood®
and Fr‘éhlich.7 Differences arise only on the inclusion of
distortion polarization; if non-polarizable dipoles are

1 In Kirk-

assumed, the two theories give the same result.
wood's theory, distortion polarization is treated by assu-
ming that the dipole has a polarizability @, and that the
local field which that dipole feels is Onsager's cavity

field -- G =3€oE/(2€o+ I) . Kirkwood's equation (including

distortion polarization) is then:

2
3 €, Ve, 3kT ’
where N/V = Ny, and g = ;I/fL. The correlation parameter, g,

measures the degree of interaction of the dipoles with
their neighbérs; ;I is the average moment of a finite
spherical region around one molecule which is fixed, and/i
is the moment of that fixed molecule. In other words, if
fixing one dipole has no effect on others, then g = 0; 1if
fixing one tends to align others parallel to that one, g> 1;
and if in an anti-parallel direction,g<l.l

Fréhlich,7 in including distortion polarization, main-
tains the non-polarizability of the dipole in the cavity
and assumes that instead, the surrounding continuum has a

2

permittivity n“. This has the effect of changing the

cavity field to

/1.31/ G = 3&E/(2€.+ n%)



15.
which leads to Frohlich's equation for the static permit-

tivity:

/ 132/ (€—n)2€+n®)  _ _amNgug
€ (n® + 2)° 9k TVe,

(}%F moment of gas molecule.)
This is the same as Onsager's equation except for g, the
correlation parameter described above.
The differences between the Kirkwood's and Frdhlich's
theories disappear if the total local field, rather than
Onsager's cavity field, is used in Xirkwood's calculations.l

That is, instead of G:=3€;E/12€°+—Q , one uses F = 36&,
(n®+ z)Eo/[(zeo +n2) (€ + 2)}

.

These, then, are the major theories which relate per-
mittivity to dipole. moment. They all have been based on an
applied field which is constant and are thus theories of
static permittivity. In chapter II the effects of a time

dependent external field will be discussed.
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CHAPTER II

DIELECTRIC RELAXATION

Dielectric relaxation occurs when a dielectric mate-
rial is subjected to an external field of varying intensity.
The permittivity of the dielectric falls off with increa-
sing frequency, due to the fact that the dipolar (orienta-
tion) part of the polarization cannot change fast enough to
reach equilibrium with the applied field. To treat this
phenomenon on a macroscopic basis, we first divide the
polarization into two parts; the distortion polarization,
Pl’ which consists of the atomic and electronic polariza-
tions and can reach its maximum value effectively instan-
taneously; and the orientation polarization, P2, which
requires a significant time to reach its equilibrium value.
We then make the assumption that P, increases at a rate

2

proportional to its departure from egquilibrium value:

/ 2.1/

d P2 _ P —P—-B
dt T
(P = total polarization at equilibrium.)

The macroscopic relaxation time, T, is defined as the
time required for the experimentally observed dielectric

. . . 5
polarization to decrease from Py, to l1/e times P .. The
microscopic, or molecular relaxation time, T , is not the

17.



18.
same as T; and as will be shown, depends on the form chosen

for the local field.

Equation 2.1 can be rearranged to give;

/ 2.2/ d(p - Py - Py) _ -dt ,
- _ T
for which the solution is,
/ 2.3/ In(P - P, - P,) = -t/T + C ; C = constant.

Now if a field, E, is suddenly applied at t = 0, then Py, =0
and C = 1n(P - P;). Substituting this solution back into

equation 2.3 gives

-t/T

/ 2.4 / P,= (P -P)(L-e )

that is to say, P, approaches equilibrium at an exponential

rate as shown in Figure 2-1.1t

{ (3 13

'l 2

(t/7T)
Figure 2-1

Similarly, if a constant field is present and is

suddenly removed, Pl = 0, and



19.

dap P
2.5 2 _ _ 2 = -
/ / Ic T ¢ InPy =C - £/T.
— " —_ - — 1 — - —t/T
At t = 0; P2 = P Pl' C = in(P - Pl) and P2 = (P Pl)e
as shown in Figure 2-2.1
— P
! L 1 | i
-1 | 2
(t/T)

Figure 2-2

An alternating field of frequency 27f=w ., can be

represented by the equation,

/ 2.6/ E = E.€

The static permittivity and the refractive index are given

in terms of P and Py byl

/ 2.7/ 4mP = €f{€—I1)E, w-— 0

/ 2.8/ arwph = eo(nz—I)E

Plugging these values for P and Py into equation 2.2 we get

/ 2.9/ 4Ps  _ c . P2
3t~ = a7 (€&—n’E.ett s

For the steady state, the solution to this egquation should

have the form P, = Aetwt , where A is found by plugging

this solution back into egquation 2.9.1



20.

/210 / A =gl€&—n )B4 + (wT)

2 ,
/211 / P, =¢el€o—n")E/ 4w (1 + iwT)
From this it is seen that the orientation part of the polar-

ization is out of phase with the applied field. Thus we

can write the polarization as a complex quantity,

éo(ea—‘ nz )

+p =P +ip'= £ 2 _
AT R Prip ﬁ(n 1)E_{_477'(!-%—c',u.JT

/ 2.12 /

_
)=

where P' and P" are both real.l It follows that if the
polarization is complex, so is the permittivity; and it can
be expressed as,l

/2.13 /) = ' —ie' = | + am (P —iP'")/eE
n2+(€o—n2)/(l +iwT)

where both é¥ and éllare real and have the wvalues:

/ 2.14 / / 2+ Eo— n2 1 (€o°—n2)wT
€ =nT=—"35 ; € = 2_2
I +w T I +tw T

When these are plotted versus log(wT), the graph shown in

Figure 2--3l results.

€

log (wT)

Figure 2-3



21.
The fact that there is a phase difference between the
applied field and the orientation polarization causes
energy absorption by the dielectric material. When the
polarization of the dielectric changes, a displacement

current of density i is generated such that,

i = 4P
/ 2.15 / i=5,

and Joule heating, H, occurs where

/ 2.16 / H=Ei = E %% per unit volume.

When the average value of H for one complete cycle of the

electric field is determined, this equation is found:l

/2.17/  Hy, = Eoe€ w/8T

That is, eflis directly proportional to the average rate of
Joule heating created by absorption of electrical energy by
the dielectric. Because of this, €I’is often called the
dielectric loss factor, and the quantity¢§72J is called
the loss tangent.l

The permittivity can be represented graphically by
utilizing the fact that the equations for él and éJ/can be

reduced and combined into,

/ 2.18 / 2 2
/ . + 12 —
(€' — =T D Pl = ( Sz g,

2
which is the equation of a circle with center'kéo+ﬂi)/2, O],

and radius ( €, - n2)/2.l Only the semicircle for elﬁ>o is
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meaningful, and the usual representation is shown in Figure

2—4.l

”

el

Figure 2-4

This curve does fit the data for many simple liguids, but

many other materials do not fit. Cole and cole? have pro-
posed an empirical equation of the form,
2.19 2
/ / 67‘:_ 2 €o — N
n = — (1—nh)
I+ (CwT)

(h is a constant; 0<h<1.)
This seems to fit much data for polymers and long chain
molecules whose plots of experimental data resemble the

plots shown in Figure 2-5a and b.l

€o

Figure 2-5a



23.

€ Debye curve

nz e’ €s
Figure 2-5b

/ "
The plot of € versus € 1is symmetrical about a line

through the center and parallel to the éJ/axis. Cole and

3

Davidson~ found certain materials best fitted a skewed arc,

and suggested the equation:

/ 2.20 / . 2
€ n2 = l : o<a< |

€0 — n () +iwT )

Shapes. of this equation for various values of @ are shown

1

in Figure 2-6. Experimental data acquired at low tempera-

tures seems to fit this equation well with @ approaching

1 as the temperature increases.4

a=1.0

Figure 2-6
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Thus far we have been considering macroscopic theories
of dielectric relaxation. Now we will look at this pheno-
menon from a microscopic or molecular viewpoint.

Since the phenomenon of dielectric dispersion is
directly related to the physical rotation of the molecules
under the influence of an external field, it is necessary
to examine the mechanism or mechanisms whereby these mole-
cules rotate. It is to be expected that this mechanism
will depend on a number of factors, including the state of
the dielectric material.

Debye5 assumed that rotation of a molecule due to an
external field was interrupted by collisions with neigh-
boring molecules. This assumption is reasonable in the
case of liquids but less justifiable in the case of solids,
or gases of low to medium pressure. Using the theory of
Brownian motion as developed by Einstein, and assuming the

Lorentz field, Debye derives the following relation:

2
/ 2.21 / _§f:;ﬂ5__ - — b T ::-f%ét—g—z‘
. b

€Eo— N I + cwT n +2

where T is the molecular relaxation time as defined pre-
viously.
Extension of Onsager's theory of static permittivity
to the high frequency region6 leads to the expression,
/ 2.22 /
* 2 A e*

€_n = . < | 9
| +iwT €+ L

where A is frequency independent and is given by,



N
wu

/ 2.23 /
(n® + 2)(2€.+ 1) 87N, .°

(260 +n%) 9k Te,

A =

Debye's assumption that the applied field rotates
molecules at their terminal velocity is seen to hold rea-
sonably well up to frequencies near 1 to 2 gigahertz. At
higher freguencies, inertial corrections, which Debye
neglects, cause the actual angular velocity to deviate more
6,1

and more from the terminal velocity.

A number of other theories of microscopic relaxation

have been proposed. Eyring7’l draws an analogy between
dipole rotation and chemical rate processes. Bauer's
theory8’l is similar to Eyring's and both theories make the

assumption of a potential barrier of some type which affects

9,1

free rotation. Cole presents a theory which produces a

result of the same form as Debye:

/ 2.24 /) & —p° _ |

2
€ — n |+[_€Lt_2_]-
n2 + 2 1¢@Ts

except that here Ty is the macroscopic relaxation time for
a sphere as opposed to the microscopic time which appears
in Debye's thecry (equation 2.21). The term in brackets is

result of the choice of a spherical model. Changing the
assumed shape (for instance, to ellipsoidal) will change
the ratio of the two relaxation times (microscopic to
macroscopic) .

A relation i1s also derived based on a model of a small
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sphere within the overall spherical specimen.9’lO This

result is:

/ 2.25 / T = (1 — A)Tm

where T% is the relaxation time of the spherical specimen
and Tm is the time for the small internal sphere. Also if
the correlation function of a dipole at the center of the

small internal sphere is defined by

/2.26 7/ Y(t) = <p(o). m(t)>/<p(0) « w(0)>

the surrounding material is treated as a continuum, and }«T)

is assumed to be a simple exponential()/ﬂﬁ== exp(—1/T) )

it is found thatl’9

2
J 2.27 T, = 2% (n2 +2) - )_
(2€0+ n“ )€t 2)
/ 2.28 / T = 3€o
2€s+n?

11,1 . - )
Fatuzzo and Mason '~ have questioned one of the

assumptions used in the above derivation, and Klug, Kran-

4

buehl and Vaughan12 have derived the following equation

based on this modified assumption:

/ 2.29 / (€7i—n2)(2€ﬁ—n2) . (éo—nz)(2€o+n2) I
A |+ (wT

13

Glarum has proposed a model which can account for

the experimentally observed "skewed arc" behavior found by
3,4

Davidson and Cole ; although, as Mopsik14 points out, this

-
7
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model "admittedly has many defects."

In the normal case, all molecules feel the same aver-
age hindrance to reorientation and thus exhibit a single
relaxation time. This hindrance is a result of the envi-
ronment of each molecule, and these environments are
assumed to be the same for all molecules. In Glarum's
model, "defects" are present in the solid or liquid, and
are distributed throughout the sample according to a diffu-
sive law. The presence of a "defect" in the environment of
a molecule greatly decreases the hindrance to reorientation,
thus allowing the dipole to relax essentially spontaneously.
This process is assumed to be independent of the normal
relaxation process. Although the expression for the general
case 1is complicated, three specific cases yield interesting
results. If the rate of arrival of defects is small com-
pared to the normal relaxation time, then a result corres-
ponding to Debye type relaxation is obtained. If the rate
of arrival is equal to the normal relaxation time, then a
skewed arc with @ = 0.5 (eg. 2.20) is obtained; and if the
rate of arrival is much greater than the normal relaxation
time, then a semicircle with h = 0.5 (eqg. 2.19) is pre-
dicted.l

A number of author515’16

have proposed theories based
on the concept of "free volume", defined differently by
different authors, but basically the local room which each

molecule has available. These theories are related to

Glarum's in that all assume more than one time dependent
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process which affects reorientation.
Thus far we have considered dielectric relaxation only
in general microscopic terms. We would like to relate the
relaxation to some macroscopic property or properties of

> suggested making the assumption that

the specimen. Debye
the molecule could be represented by a sphere rotating in a
homogenous medium of viscosity 77 equal to the viscosity of

the bulk sample according to Stokes law. This assumption,

when applied to Debye's theory gives:
3
/ 2.30 / T = 4mwmna/kT

where a is the radius of the molecular "sphere". This
gives results which are 5 to 10 times too high, and nume-
rous attempts at improvement have been made.l7_2O

A basic problem with Debye's assumption 1s that unless
the polar molecule is large compared to the surrounding
non-polar solvent, the solvent cannot really be treated as
a continuous medium of viscosity’n.

Wirtz and his co—workerszo have attempted to take into
account the discontinuous nature of the surrounding medium.

Their results indicate that when the polar molecules are

large compared to the surrounding molecules
3
/231 / T = 4mmna/kT

the same result obtained by Debye. When the molecules are

all the same size (e.g., a pure polar liquid),
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/ 2.32 / T 27r7703/3>kT

1

a relaxation time six times smaller than that predicted by

Debye, and in much better agreement with experiment.
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CHAPTER III
THEORETICAL CONSIDERATIONS OF UHF DIELECTRIC MEASUREMENTS

Transmission Line Theory

The theoretical approach used for a given experiment
depends upon the frequency range under consideration. At
lower frequencies the sample is small enough compared to
the wavelength, that bridge or resonant methods may be used
in conjunction with either lumped or distributed circuit
analysis. Above approximately 200Mhz, the sample is no
longer small compared to the wavelength of the applied
field, and transmission line techniques must be used. An
upper limit of approximately 75GHz is imposed on this tech-
nique by the difficulty of fabricating components with the
required precision in their physical dimensions. Free
space methods can be used in this frequency range.

In the frequency ranges which require transmission
line methods it is necessary to investigate the electric
and magnetic fields which are present. This is best done
by starting from Maxwell's equations: From any general
text on electromagnetics, the following pertinent eguations

can be found.

/ 3.1/ divD = VD = 4mp ,

where p is the free charge density and D is the dielectric

31.
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displacement.
/ 3.2/ divB = VB = o ,

where B is the magnetic induction or magnetic flux density.

/ 3.3/ CurIH=VxH=-|6[D+4‘n’J] ’

where H is the magnetic field intensity; J is the current

density; and c is the speed of light in vacuo.

/ 3.4/ CurlEr—“VxE:—%é,

where E 1s the electric field intensity. The following

three relations also hold.

/ 3.5/ D= €'E ;
/ 3.6 / J = oz:E,
/ 3.7/ H=B/fL, ; B/H =, ,

where<EIis the real part of the permittivity and gy is the
ohmic conductivity of the medium. fLois the permeability.
The following derivation is based on that of Glarum.2

We assume that the materials of interest are non-magnetic

so that fi, = 1. We can now write for a conducting medium:

/3.8/ Vep = V()
/ 3.9 / VB V-H = 0 ;
/310 /  UxE = — -+

I

Substituting into equation 3.3 gives
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/o
/311 / VxH = —é—[éE + 47ran]
If we assume that the applied field is alternating sinudoi-
dially, then,

/312 / E() = Bt

from which it can be shown that

;313 F = — LE ,

w

which, when substituted into equation 3.11, gives

/ 3.14 / arof] £ ”
re _ L4TaE | B L4Tos|
[éE w ]_C[é w }

VxH= +
x H c
A normal dielectric has zero free charge density so that

V.D = v-(élE)=4‘lm=O . If we now assume that the

dielectric constant is complex and of the form

/315 /  €" - e

I
m
|

then

/3.16 / YyH = €E

We see that egquation 3.14 is of the same form as that for a
non-conducting dielectric.

Consequently, to a solution of the field equa-
tions involving a nonconducting dielectric, there
exists a formally similar solution in which a
complex dielectric constant appears in place of
the real dielectric constant provided, of course,
that the electric fields involved are of the

form given by Equation 3.12 .
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If the complex dielectric constants given in equations
3.15 and 2.13 are equivalent,éﬂl is related to o, as shown
in equations 2.11 through 2.17.

To generate the pertinent field equations we take the

curl of both sides of equation 3.10:

T TxE) = - L [Vx(8H)]

Due to the interchangeability of space and time derivatives?

we can rewrite 3.17 as

/ 3.18 / Tx(VxE) = — I [d(VxH)} ;

and substituting from equation 3.16, we get

/ 3.19 / )
Vx(VxE) = — 6“[6(@[—:/@1‘)} - _ _€

C2 af c2

From standard vector relationships, we obtain the identity

/3.20 / Vx(VxE)= V(V-E) — (V-V)E ;

and since K7'E:== 0, we can combine 3.19 and 3.20 to give

the desired wave equation:

wta
v

/ 3.2/ V2g S
c

In exactly the same manner, we find that

ot
s

/3.22 /7 ViH = S—H
C
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For a fixed frequency, plane waves travelling in a

waveguide in the z direction will reasonably give

cwt -
rz and

/ 3.23 / E Eo(xy) €
/ 3.24 / H = Ho(x,y)eé“”'n

)

The variable ¥ in the above equations is known as the pro-
pagation constant. It is complex and can be written in

general as

/ 3.25 / y = a + (S

where (@ 1is an attenuation factor and [3 is a measure of
the phase velocity of the wave.2

It can be shown that if propagation is to occur in a
hollow waveguide, either E, or H, must have a non-zero z
component. Modes of propagation with z components of the
E and H fields equal to zero are designated TE and TM
respectively. If a center conductor is present, as in co-
axial line, neither E nor H need have a z component, and
the resulting mode is designated TEM.2

Substitution of equations 3.23 and 3.24 into the wave

equations 3.21 and 3.22 results in a solution for 7,

I

/3.26 / y° - ws

where k_ is a geometric parameter which depends on the mode
of propagation and the dimensions of the waveguide. There

is a cut-off frequency W such that
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/ 3.27 / W, = ck

“e

c

and therefore, if (y. is less than w , and the wave guide

C
is in vacuum, so that €*= i,
2 cuz wz cucz wz
— - s - ——— - »
/ 3.28 / Y = —Jﬁgg—— ) Yy = c

This indicates that above the cut-off frequency, propaga-
tion with no attenuation occurs; and below the cut-off
frequency, attenuation occurs without propagation. For a
waveguide of given dimensions, there are an infinite number
of modes (designated TEmn and T™ s with m and n 0,1,2,etc.)
each having a certain cut-off frequency. Below a certain
frequency none of the modes will propagate and above some
other frequency, more than one mode can propagate.2 Since
one normally wishes to study only the lowest mode possible
for a given waveguide, the bandwidth for each waveguide 1is
limited.

For the TEM mode for coaxial line, kc is zero. Due to
the possibility of higher modes, an upper frequency limit

exists which is given by2
/3.29 / w = 2.136c/(a +1b),

where a i1s the outside radius of the inner conductor and b
is the inside radius of the outer conductor. At this fre-
quency another, higher mode will begin to propagate; and

since we only want the TEM mode, we must operate between
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zero and wg.
If A, is the free space wavelength corresponding to w
and XC corresponds to Wy, then the complex dielectric

constant can be written from equation 3.26 as

/3.30 /€% = (N/N)— (N /em)?y® .

Thus éi‘may be found by experimental determination of the
propagation constant. This determination may, in practice,
involve a number of problems.

In our work we will use another method which necessi-
tates the development of the concept of wave impedance.
This is defined as the ratio of the transverse component of
the electric field to that of the magnetic field.2 For a
traveling wave in a coaxial line (TEM mode), it can be
shown that the characteristic wave impedance 7),, is con-

stant and given by

/ 3.31 / No = J_m/,u‘,/e":E ,

where the plus and minus signs refer to the direction of
travel of the waves.2 For an air filled coaxial line such
as we used, both p, and 6* are essentially equal to 1 so
that 7, = £+ 1. This is not to be confused with the surge
impedance, Z, , which is defined as the ratio of voltage to
current and given by

/ 3.32 /72y = 2L#(ﬂg-x)éln(b/m) -

A dielectric filled section of coaxial line will have
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a wave impedance 7),, and a propagation constant Y5 - Sup-
pose that this section has a termination with a complex
reflection coefficient, Po s which is defined as the ratio

of the reflected field to the incident field: pZEEE; / E; .

It can be shown that P2 ::—}ﬂj/ H;,and we can write the
following equations which apply at the termination.2

/ 3.33 / E, = pZE; :

/ 3.34 7 H; = “E;/Tioz = ——sz;/”r]oz= "lozH; )

Assuming that both the incident and reflected waves travel
in a positive direction along the z axis, and that the ter-
mination is at z= 0; then, at some distance d in front of

the termination, the z coordinate will be d and -d for the
reflected and incident waves respectively. For sinusoidal

waves this gives

. . _ ot s Yod

/ 3.35 / Ey= LG G
- Cwt - L wt - Ysd

/3.36 / Ej=Eeet T BIo g et g
R Wt + %d

/337 / W =Ei/ne =Ee" g, 4 z=—d

(wt-Yd .z =d

/ 3.38 / Hy =—E;/Mop=—p,E€ Mo

From the definition of wave impedance

/ 3.39 / Bt + Ej
TR

and substituting from 3.35-3.38 we obtain
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/ 3.0/ m g otwt+led o otwl-)2d
(E gtwi+rad IozEc,é?w"ar 72 ) oz
Y>d _
/ 3.41 / _ 77(22(6,2 + ppe 7’zd)
k (78— p,e7)

For the important case when the termination is a short,

P> =-1,and equation 3.41 becomes?

e')’zd _ Q—}’zd

/ 3.42 / }
T4 37702[9)’26 + Q—de =Tz tanh yd -

The usefullness of this experimental procedure lies in
the fact that it allows the use of real rather than complex
values. Most other methods using transmission line tech-
nigques require complicated mathematical procedures to
obtain the desired results from the experiméntally deter-
mined parameters.2’4

These complex values are eliminated by using a vari-
able length section of dielectric filled coaxial line,
terminated in a short circuit. The distance can be ad-
justed so that, at one or more positions of the short, the
input impedance 7) 1s entirely resistive, i.e., real. These
distances are functions of the real and imaginary parts of
the propagation constant. If we know a distance for which
the impedance is real, and the corresponding impedance, we
can find the propagation constant.2’4

For a dielectric filled line with propagation constant

Y , and where Tlo is the characteristic wave impedance,
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equations 3.25, 3.30 and 3.31 can be combined to give

/3.43 / 1 /m, = (NJ2m)(B —ia) .

The wave admittance Y is defined as 1/77, so that eguation

3.42 now gives
/ 3.44/ Y = |/m,cothyd

which on substituting from equation 3.43, gives

/ 3.45 /

_ _. | bsinh2ad—isin2/3d }
Yy =0/2m(B La)[ cosh 2ad— cos 2/3d

Setting 2ad = a, and 2[3d = b, the above equation becomes

/ 3.46 / v —0Ou/a d\f(bsinho—oSiﬂb)—C(GSiNhO+b5i”b)]
= N/ amad/p cosha — cos b )

When we experimentally adjust the distance so that Y is
real, the second term in the bracketed numerator is zexo;

i.e.,{(a sinh a + b sin b)= 0, and

/ 3.47 /

bsinha —asinb ]
Y ——O\o/47rd)|: cosha —cosb =(\,/47d) Cyla,b) -
For any value of Y/(X°/47rd), there are multiple solutions
of Cn(a,b). Using equations 3.25 and 3.30 and remembering
a=2Qad, b = Z/Qd, and that wWg= 0 for the TEM mcde, the
complex dielectric constant can be separated and expressed

as



/ 3.48 /
e’ = (\./amd)? (b%—ad®) ,

/ 3.49 7 €' = (\/ard)?® 2ab ,

and tand = 2ab/(b2 - a2

). A computer program and the
resultant tables of values for Cn(a,b), b2 - a2, 2ab, and

tanES, are presented in Appendices I and II.

41.
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CHAPTER IV

UHF EXPERIMENTAL

The eguipment and procedure are based on previous work
done by Mopsikl and GlarumZ.

All electronic equipment was purchased from General
Radio Company, West Concord, Massachusetts. A complete
list of all components is given in Appendix III.

The central component of the measurement apparatus was
a General Radio type 1602-B admittance meter which is a
direct reading instrument and covers the frequency range
from 40 to 1500 megahertz (to 20MHz with the appropriate
correction). Its stated accuracy is * (3% + 0.2mmhos) £from
0 to 20 millimhos below 1000MHz, and with the 1607-P10 mul-
tiplier plate provided, the accuracy is improved to

+(3%2 * 0.04mmhos) from 0 to 2.Ommhos.3

A schematic diagram
is shown in Figure 4-1, and includes the auxillary equipment

-- (generator, detector, standards, and the unknown).

43.
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Figure 4-1

The admittance meter is also shown in Plates 1 and 2.
Although it is a null reading device, the admittance meter
is not a true bridge. It has three coaxial lines which are
fed from a common junction, and the current flowing in
these lines is measured by three rotatable coupling loops
which sample the magnetic component of the field in each of
three arms (unknown, conductive, and susceptive). The
susceptance loop is rotatable through 180° and the conduc-
tance and unknown loops can be rotated through 90° . The

voltages induced in the loops are proportional to the
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cosines of the angles which the loops make with the coaxial
line. These three loops are connected in parallel to a co-
axial line which feeds the crystal mixer and heterodyne
detector. When the loops are properly oriented, the com-
bined output is zero and a null is read on the detector. In
this sense, the admittance meter balances as does a bridge.3

The conductance standard is a pure resistance equal to
50 ohms, the characteristic surge impedance of the coaxial
line; and the susceptance standard is a short circuited
length of coaxial line. In actual practice, the susceptance
standard was replaced with a type 874-WOL open circuit,
since our procedure is based on the premise that the imagi-
nary (susceptive) part of the admittance is zero.

The admittance meter actually measures the admittance
at a point directly under the center of the unknown coupling
loop. Thus, if the admittance is desired at some other
point on the coaxial line, correction for the effect of the
length of the transmission line must be made. If the elec-
trical length of the line between the center of the coupling
loop and the point at which the admittance is desired is
exactly an integral number of half-wavelengths, then the
measured and unknown admittances will be equal. Also, if
the distance is an odd number of quarter-wavelengths, the
admittance meter will read the resistive and reactive
(rather than conductive and susceptive) components of the
unknown.3 For example, in our procedure, a short circuit

is placed % wavelength from the interface of the cell and
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the constant impedance adjustable line; and the adjustable
line is set to give a null reading, which occurs when the
overall electrical length is -y wavelength. Therefore, the
cell window is then % wavelength {from a point above the
center of the coupling loop, and the meter will measure the
input admittance of the cell.

If we are to use the equations previously presented,
we need to know the relationship between the admittance
measured by the meter and the input wave admittance, Y,

which appears in equations 3.44 - 3.47.

/4.1 /Y = coth ¥d ; ( o= —I ) : (eq.3.44)

™
If we treat the dielectric filled section as a termination
with complex reflection coefficient, o eguation 4.1 can
be rewritten as
/ 4.2/ v - o7d _ pQ—Vd
= e o7 4 pe

where 7)o 1s the characteristic wave impedance of the sec-
tion in front of the interface. Since d=0 at the interface,

4.2 becomes

4.3
! /Y:Y_’__:__P__

From the definition of P it can be shown that

/ 4.4/ p_lo____Y_x_
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where Y _  is the characteristic surge admittance of the
transmission line (20mmhos), and Yx is the characteristic

wave admittance of the unknown. Therefore,

_ measured admittance
/45 /Y =YY = 20mmhos

Thus the measured admittance must be divided by 20mmhos
before being used in equation 3.48 and 3.49.

The cell was constructed by the William and Mary
Physics Department shop using the 50cm stub and BNC adapter,
following the description given by Mopsik.l

It (the cell) consists of a modified General Radio
type 874-D50 adjustable stub. The outer conductor
was cut to the desired length and surrounded with
a jacket through which thermostating fluid could
be pumped. Also entry was provided for the inser-
tion of a thermocouple for the measurement of
temperature. The bottom end of the outer conduc-
tor butted against a small land in the jacket for
alignment purposes and was made the same inner
diameter as the outer conductor so that electri-
cally it would be continuous. A Kel-F window
sealed off the bottom which was made the same
physical size as the polystyrene window in a Gene-
ral Radio type 874 connector so that when the
entire cell was assembled, any discontinuities
would be no worse than that due to a similar con-
nector. Around the outer edge, and the inner one,
small rings of Teflon were placed to provide a
liguid-tight seal. Below the window is the outer
part of a type 874-QBPA adapter with the 874 con-
nector removed. A nut threaded into the bottom
of the outer jacket tightened down on this piece
by means of a small ring inserted in a groove in
the adapter. By this means, sufficient pressure
could be applied for the Teflon seal to be liquid
tight. When the entire assemble was put together,
it should be electrically as smooth as the top
half of a General Radio connector and therefore,
adequate for the purposes of measurement.

The inner conductor of the stub on top of
the window was joined to the inner conductor
of the adaptor below the window by a short sec-—
tion of threaded brass rod which also allowed
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sufficient tightening to be applied to the Teflon
seal. The shorting piston assembly was made from
the contact fingers and a small length of solid
continuation in the original stub. These could
be separated into inner and outer finger pieces
which were reassembled around a brass ring of

the proper dimensions to f£ill the space between
the pieces up to where the fingers began. Then

a thin brass tube was affixed to the brass ring,
concentric to the center conductor, of sufficient
length to reach above the cell when the plunger
was at the bottom of the cell. The entire
plunger assemble was made so that the fingers
were on top and the brass ring was flush with

the bottom in order to present a smooth, flat
surface to the electrical circuit.

The finished cell is shown in Figure 4-2 and in Plates 3
and 4. The only major differences between our cell and that
described by Mopsik are the lack of a third outlet in the
thermo jacket, use of a finely scribed line on the plunger
as a measuring reference since measurement was by optical
rather than physical means; and the use of stainless steel
for the plunger'tube.

Figure 4-3 and Plates 5 and 6 show the interconnection

of the compcenents.
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Figure 4-2



49.

1264 -B 1362 ﬂ
PWR 0SC —
SUPPLY
r_. _UHF CELL
874-F1000- —
—g874- QBJL
874-GloL: —874- QBPAL

A A
leo2-p4 [ [BEDE  s7a-LKeoL B | s7a-ELL

874-WOL 874-MRAL

LOEAB 1236 I362
IF IF AMP 0scC
s

if input
Jﬁiﬁ’

Figure 4-3

In addition to the interconnection as shown, the cell
was mounted vertically and rigidly on a vacuum rack, but in
such a way that it could be easily removed for solution
changes, cleaning and maintenance. The cathetometer, which
was used to measure the extension of the plunger, was placed
on a low table close to the cell so that there was an unob-
structed view of the plunger tube.

Operation of the equipment was relatively simple. The
signal generator was turned on, and the oscillator was set
to the desired freguency. According to the instruction
manual, drift should be less than 0.1% after fifteen minutes
and negligible after one hour. In practice the signal

generator and the detector were allowed to warm up for at
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least two hours; and if continual use over a several day
period was anticipated, they were left on, although turned
down as low as possible in between measurement periods.

Once sufficient warm up time had passed, the modula-
tion level was set to an arbitrarily chosen level (seven
on the scale of ten). The IF oscillator was tuned to a fre-
quency 30 Megahertz lower (or higher) than the signal gener-
ator, as indicated by a peak reading on the detector meter.
The IF amplifier was used in the normal switch position and
the calibrated attenuation adjusted as necessary. Once
the detector had been tuned, the mixer current was checked
by placing the switch on the IF amplifier in the appropriate
position. The current should read between 50 and 100 on
the scale and was adjusted with the sliding attenuator on
the oscillator section of the IF amplifier. A setting of
85 was used throughout the measurements.

The multiplier plate type 1607-P1l0 was installed in the
admittance meter so that the conductance scale would read
times 0.1. The multiplier arm was set to zero as was the
susceptance arm. With the connections and settings made as
described, and the cell hcooked up; calibration of the equip-
ment using carbon tetrachloride and benzene was performed.

To calibrate the cell, the plunger was pushed all the
way to the bottom of the cell; and then, using the catheto-
meter, the plunger was extended one quarter wave-length
(calculated from the nominal generator frequency with the

4

speed of light equal to 299,792.4562" kilometers per second).
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With the cell length thus fixed, the constant impedance
line was adjusted for a null on the meter. Then the con-
ductance arm of the meter was adjusted for a further null.
A very slight adjustment of the susceptance arm may be
necessary to achieve a perfect null. The value of the con-
ductance was found to be approximately 0.1 millimhos when
the frequency was 500 megahertz. The constant impedance
line was locked in place and not moved unless the frequency
was changed; in which case, the procedure in this paragraph
was repeated.

The solution to be measured was introduced into the
cell, and the plunger and the conductance arm were reset
for a null. The plunger height was measured with the cathe-
tometer to give the value of d, and the admittance, Y, was
calculated by subtracting the zero offset determined above
from the new measurement and dividing that difference by
20, the value in millimhos of the standard 50 ohm termina-
tion.

The complex dielectric constant could then be calcu-
lated from equations 3.48 and 3.49:

s .

/ 3.49 / 6//

I

(47rd) - 2ab
The values of b2 - a2 and 2ab for the experimentally deter-
mined value of Cn(a,b) were found from the table in Appendix

IT. Glarum2 has shown that simple interpolation is
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sufficient to determine these values accurately.

If this calculated value of the dielectric constant
did not agree with the accepted value for the reference
liquid, the above procedure was repeated using a certain
amount of offset in the physical setting of the plunger.
The actual amount of offset was dependent on the physical
configuration of the plunger since that configuration
directly affects the electrical properties of the plunger.
The offset was found to be on the order of 0.5 cm. The
actual value was determined by choosing a certain arbitrary
amount and setting the plunger that much shorter than a
quarter wave length. For example, with a % wavelength of
10.0 cm and a trial offset of 0.5 cm, the plunger would be
set to a physical distance of 9.5 cm. The constant impe-
dance line and the conductance arm were reset for a null
with the cell empty, liquid introduced again into the cell,
and the plunger moved and the conductance adjusted until a
new null is achieved. However, this time, the trial offset
was added to the actual measured plunger distance to give
d. This procedure was repeated with various trial offsets
until the calculated dielectric constant was in agreement
with the accepted wvalue. The offset should be freguency
independent as pointed out by Mopsikl, but our findings seem
to indicate a small variation on the order of 0.05 cm per
100 megahertz. Therefore, a determination of the offset
for each different frequency is recommended.

Once this calibration has been carried out, the cell
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can be used to measure the complex dielectric constants of

unknown solutions.
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CHAPTER V

EXPERIMENTAL RESULTS

Measurements on a number of solutions at two frequencies
(500 and 700 MHz) and at two temperatures (25° and 60°C.)
have been carried out. The following mixtures were mea-
sured:

nitrobenzene in benzene,

ortho-nitrobiphenyl in benzene,

para-nitrobiphenyl in benzene, and

2,2'-dinitrobiphenyl in benzene.

For each combination, either three or four solutions with a
linear change in concentration were made; the most concen-
trated solution being on the orxrder of 1.5 mole per cent for
the first two compounds above; and, due to limited solu-
bility, about 0.4 mole per cent for the second two.

A typical measurement on one solution was made as
follows: The frequency generator had been previously turned
on and allowed to warm up for at least two hours. The
desired frequency was selected and the IF oscillator was
tuned to thirty megahertz below the generator frequency.
The mixer current was set to 85. The multiplier arm and
the susceptance arm were set to zero. By means of diffe-
renée measurements, the cell plunger was extended so that

the physical distance was one quarter wavelength, less the

55.
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offset for the particular frequency. Since this setting
did not usually correspond exactly to an electrical quarter
wavelength, the constant impedance line was adjusted to
give a null. Also, because there are slight conductances
present in the system, the conductance scale may not null
at exactly zero. This conductance offset, as well as the
plunger offset, must be noted and taken into account in the
calculations. Once this null had been found with the cell
empty, the unknown liquid was poured into the cell and
allowed to reach temperature equilibrium. The plunger and
the conductance arm were then adjusted to give the new null
point. Again by difference measurements, the distance, d,
was measured. Beifore this wvalue could be used, the plunger
offset had to be added. Likewise, the conductance offset
must be subtracted from the value of Y as read from the
scale. This difference must then be divided by 20 millim-
hos, the value of the standard termination, to give the
value of Y to be used in equations 3.48 and 3.49.

Typical values for a nominal 1.0 mole per cent solution

of nitrobenzene in benzene at 25°C. and 700MHz are:

distance offset = 0.47 cm.,
conductance cffset = 0.15 mmhos,
Y = (measured Y - offset)/20 = (.42 - ,15)/20 = 0.0135,

d = measured d + offset = 6.317 + .47 = 6.787 cm.

From these values, the value of Cn(a,b) can be found as

/5.1 / }
Cpla,p) = —ﬂ%d—i = 2.6884 x 10 -
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Appendix II then gives values for b2 - a2 and 2ab of 9.8699
and 0.1075 respectively. These, in turn, yield values for
€l and 65” of 2.489 and 0.0271.

The solution data is analysed by the method of C. P.
Smyth and co-workers. This "provides the 'best' values for
the solute, whilst also checking for the presence of inter-
molecular interaction (solute-solute) over the concentration
range studied. . ."l

The values for 61 and €//for each solution - frequency
- temperature combination are plotted versus the concentra-
tion of the solute ( in mole per cent) and the best straight
lines are found by a computer least squares analysis. These
slopes, a' and a", and the similérly cbtained slopes, ag

and a are the Smyth parameters per unit concentration of

o !

the solute. The macroscopic relaxation time was then cal-

culated for each slope from the equations,

/ 5.2/ /
a - @
a = 2 ©- + a
| +w?T? ®
and
/ 5.3/ it _ (e = ag)wT
I+ w272

The data which were collected for the four benzene
solutions were combined with data which Howe had gathered
at higher frequencies2 and a computer program was written
to find the best fit of all data. This program, and plots
of él and.EN versus concentration, appear in Appendices IV

and V.
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The macroscopic relaxation time is calculated from
equations 5.2 and 5.3. These equations were solved by
computer for a' and a" as functions of T. The relaxation
time is then determined by finding the minimum in the sum
of the residuals between the calculated and experimental
values of a' and a".

Howé estimates the error in this determination to be
about #15% due to a combination of experimental error and
the use of the Debye model.2

The Debye model applies to rigid, spherical molecules
whose total dipole moment is in one direction. The mole-
cules studied are, however, non-spherical, non-rigid, and
some have multidirectional components of their dipole
moments.

The Debye eguation for the microscopic relaxation time
(eg. 2.30) (for dilute solutions, macroscopic and micro-
scopic times are essentially equal) has three parameters
which can affect the theoretical relaxation time. These are
temperature, molecular radius (or volume, if the Van der
Waals volume is used), and the bulk viscosity of the solu-
tion. Howe analyzes the effects of each parameter and
concludes that the Debye model predicts the temperature

2 The consistent overestimation of

dependence fairly well.
the relaxation time by equation 2.30 is usually attributed
to the use of the macrosceopic (bulk) viscosity rather than

the internal molecular viscosity. One of the attempts to

improve theoretical and experimental agreement by modifying
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the viscosity parameter can be found in reference 20 of
Chapter II. A more complete discussion can be found in
Hill.?l

Since the ortho and para-nitrobiphenyls have the same
molecular volume, equation 2.30 predicts that the relaxation
times will be the same, whereas the experimental values
differ by approximately a factor of 2. Likewise, the ratio
of molecular volumes for nitrobenzene and p-nitrobiphenyl
is 1:1.7, whereas the experimental relaxation times have a
ratio of 1:5.°2

Howe explains these discrepancies by showing that the

' molecular volume is essentially the volume

"effective'
swept out by the molecule during relaxation. An analysis
of the geometry of the molecules studied, the components
of their dipole moments, and the possible modes of relaxa-
tion, leads to logical explanations for the experimentally
observed relationships among the relaxation times.

For example, p-nitrobiphenyl sweeps out a volume 4.9
times larger than that swept out by nitrobenzene, and its
relaxation time is 5 times larger. The ratio of molecular
volumes is only l.7:l.2

The conclusion can then be drawn that it is the volume
swept out during relaxation, rather than the molecular
volume, which is important in determining the relaxation

time.2
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CHAPTER VI

SUPERCOOLED LIQUIDS AND THE GLASSY STATE

A liguid can be simply defined as "a fluid which if
placed in a closed vessel at once conforms to the shape of
the vessel without necessarily filling the whole of its
volume."l a liquid is thus distinguished from a solid by
its indefinite shape, and from a gas by the fact that it may
not completely fill its container. While this definition is
usually adequate, some materials (for example some polymers)
do not fit. These materials appear as solids at room
temperature, but on heating, begin to flow, usually with
high viscosity, and without exhibiting a sharp melting
point. These last two properties are characteristic of a
supercooled liquid; when the viscosity becomes infinite (or
when the flow is imperceptible) the material is termed a
glass. A glass, then, has the external appearance of a
solid and the internal characteristics of a liquid.l

Most ligquids can be made to solidify in the glassy
state if they are cooled through the crystallization temper-
ature range faster than the time needed for crystal nucleil

to form.2

This is fairly easy to do for liquids of a low
order of symmetry, or if the rate of rotational isomeriza-
tion from the normal liquid configuration to that required

for crystallization is slow at temperatures below the

61.
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melting point.2

The temperature at which the transition to a glass
occurs 1is characterized by a second order thermodynamic
transition; and in the vicinity of the glass transition
temperature, Tg, the viscosity may change by several orders
of magnitude within 10°K.273/%4 This transition is not
thermodynamic in nature since the temperature at which a
thermodynamic transition due to a structure change occurs
is independent of the thermal history of the material.3’?
The faster the rate of cooling, the higher the glass transi-

2,3,4 In a supercooled liguid,

tion temperature will be.
the volume decrease which occurs in normal liguids on
cooling is delayed, so that the density decreases as the
rate of cooling increases.?

Above and adjacent to Tg in the supercocled liquid
region there seem to be two regions of dielectric disper-
sion, indicative of two independent relaxation processes.
One theory proposes that the low freguency or O process is
due to cooperative relaxation of a group of molecules, and
the [3, or higher frequency process is caused by hindered
reorientation of individual molecules which are surrounded
by other molecules which are unable to reorient coopera-
tively.3'5

Studies by Williams and Hains® of dilute solutions of
small molecules in supercooled ortho-terphenyl, support the

theory that cooperative moticn is the mechanism by which

the O process occurs. Comparison of data from some
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polymers and copolymers suggests that a similar process may
be present in these materials. ’

The @ process has rather strict requirements due to
the necessity of simultaneous interaction among a number of

5 has found that intermolecular potential

molecules. Johari
barriers are significant in producing [3 relaxation. He
and Goldstein have proposed that the potential barriers

n

necessary for the [3 process arise when a molecule is "en-

caged" by other molecules in such a way that the requirements
for cooperative motion are not met.s’8

Other studies by Johari indicate that the strength of
the ﬁg process is related to the thermal history of the
liguid. As mentioned previously, the faster the rate of
cooling, the lower the density; thus, the more sites avail-
able in which the potential barriers are low enough to
allow the "encaged" molecules to reorient.3'5

Since each "encaged" molecule, depending on its orien-
tation, can be presented with a number of different poten-
tial barriers, and since the potential barriers may vary
from one site to another, the ﬁ? process has a distribution
of relaxation times.3'5

Johari and Goldstein have found from studies of small
rigid molecules that the /3 process is not due to internal
hindered rotation of the molecules themselves, but due
entirely to intermolecular forces.3’8

Experimental results seem to indicate that the rela-

tive occurrence of the @ and [3 processes 1s temperature
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dependent. In normal liquids, both processes occur. As

the supercooled liquid approaches Tg’ the Q process

becomes less frequent, finally ceasing at T

process continues to be present.3

gl

while the B
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CHAPTER VII

RF AND Q-METER THEORY

Bridge measurement methods have a practical upper
frequency limit imposed by the increase in the admittance
associated with stray capacitance. The use of substitution
methods using simple resonant circuits can essentially
eliminate this source of error.

A Q-meter is a commercially available instrument which
uses a resonant circuit, and can be used to measure induc-
tance, capacitance, resistance, and Q of a circuit or
component. Our experiment makes use of a Hewlett-Packard
type 4342A Q-meter to experimentally determine the complex
dielectric cecnstant of an unknown.

Before proceeding with the derivation of the pertinent
equations for 6/ and.é”, a brief look at some basic AC
circuit relations will be helpful.

In an AC circuit which contains inductance, capaci-
tance, and resistance, the inductive reactance, XL = wl,
and the capacitive reactance, X, = l/wC, act as effective
resistances in addition to the pure resistance present.

The voltages due to the two reactances are 180° out of
phase and each is 90° out of phase with the resistive
voltage. The overall effective circuit resistance is called

the impedance, and is the vector sum of resistance and

66.
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reactance.

2 2 2

/ 7.1/ Z R + X

where X = X; - X- by convention. Since X1, is zero when

W = 0, and increases with increasing frequency; and Xo is
a maximum when W = 0 and decreases with increasing fre-
guency, there is obviously some frequency at which the two
are equal in magnitude. Since they are 180° out of phase,
they cancel and only the pure resistance is effectively in
the circuit. This condition when X =X is kncwn as

cC

resonance. We can write Ohm's law a52
: 2 2|/,
/7200 = 5’/[R +(wl — 5%4]2
and we see that current, and thus the voltage measured
across the capacitors, will be a maximum when Z is a mini-
mum; i.e., at resonance.
A generalized Q-meter circuit with an empty dielectric

sample holder in place is shown in Figure 7-1la.

__CELL

9 LT
T i
| cyl i

CoZ F4Cy Cl== §Rc ;
! 1
| |
P :
] |

Figure 7-1 (a)



68.
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Figure 7-1 (b)

CQ = Q-meter main tuning capacitor

Cy; = Q-meter vernier tuning capacitor

vCé = Capacitance of empty cell

Cg - Capacitance of sample

C;, = Capacitance of leads

RQ = Series resistance of Q-meter circuit

R, = Series resistance of the empty cell

Rg = Parallel resistance (loss) of the sample

Figure 7-1b shows the same circuit with the sample in place
in the cell. With the sample out, the resistances are in
series, and the total circuit resistance, Ro, is equal to
RQ + Ry Placing the sample in the cell has the effect of
adding a resistance, Rs’ in parallel with R, so that the
total circuit resistance 1is now Ri = RQ + (RSRC)/(RS + RC).

The difference of the reciprocals can be written

/737 1 ! ' |

Ro _RS_B_Q_ -+
i Ra ™ RFR, Ra™ Re
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and if we assume that RQ<< Rs’Rc (RQ;z 1.0 milliohms for

the 4342-A Q-meter), equation 7.3 reduces to

+
/) 7.4 / é{ — é{ = Jiﬁ_lil - 4 =
[ ° sRe Re F‘)s
The measurement theory is quite simple and is based on

the equation for the capacitance of a parallel plate

capacitor:

/7.5 / c = LA

where 61 is the dielectric constant of the medium between
the plates, €, is the permittivity of free space, A is the
area between the plates in appropriate units, and t is the
separation between the plates.

The measurement method is likewise simple and is
basically a substitution procedure using reference liquids
of accurately known dielectric constant. The technique is

based on work done by several authors3’4, but is primarily

that of Kakimoto.-
Although the determination of €/ is basically an
empirical procedure, the equations for€E“ require some
derivation.
The actual procedure, which will be described in detail
later, regquires that Cq be set equal to Cé, so that the
total circuit capacitances, C; and Cg respectively, are also

equal. By definition, the dissipation factor of the sample

is
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/76/ 5 0= Lo __1_
s Q¢ w R Cq
Substituting for l/RS gives
7.7 - o _1_

Multiplying the right hand side by Co/ci and rearranging

the terms gives

/) 7.8 / 5 Co[wRoCo—wRiCi ]
s Cs L(wR,C,) (w R Ci)

If the appropriate Qn's are substituted from equation 7.6,

this becomes

/ 7.9 / - Co Qo - Qi
Ds Cs ( Q, Q )

We would like to convert this to an equation in terms
of parameters which are measurable by our particular ex-
perimental technique. To do this, we make use of the fact
that our measurement procedure sets Co = Cy- Remembering
that we use a reference liquid for the sample out measure-

ment, we can write from equation 7.5, and by referring to

Figure 7-1b

/
/ 7.10 / €ref€oA
Co = CQ * Cv * CL + t,
/
where eref is the dielectric constant of the reference

ligquid at the experimental temperature and t, is the plate

2
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separation (in mm.) at resonance. The capacitance of the

sample is

/ 1
Eref oA €€, A

/
where € is the dielectric constant of the unknown, and ty

is the plate separation with the unknown in place,

3.0mm) .

(nominally

Using the relations in 7.10 and 7.11, and letting

Cé = CQ + CV + C;,, equation 7.8 becomes
Ccot + €] Ay Q. —Q
t Q2 ref €o o Wi
.12 = —L
/ 7.12 / Dy el Sy S S N T,

1"y _1 )
by definition, D =€ /€ , so that 7.12 can be rewritten as

/ /
no__ Cq Eref Qo— Qj
/ 7.13 / 6 - h(SOA + 1,2 ) ( QoQi )

This is the working equation which we use for all our Q-

meter measurements.

We can derive the equation which is used by Tay and

Walker4 by rewriting equation 7.9 as

/ 7.14 / Dy

I
O
0
D
o
|
2

We now need to evaluate l/QO. The voltage measured across

the circuit capacitance is the circuit current times the

capacitive reactance. Using equation 7.2, we can write



o o

12 wC
2 . 2 !
[R + (w wC)]

/ 7.15 / V

where C is the total circuit capacitance. Squaring both

sides, we obtain

2

2 ¢

/ 7.16 / V- =
wiRZC? + (wiLec —1)?

which will have a maximum at

L
/ 7.17 / Co = 2 2 2
R™ + w L
C_. 1s just the total circuit capacitance at resonance.

o]

Substituting this result into equation 7.16 gives

SERE+ WL
RZ

/ 7.18 / v‘,2 —

where V. is the measured voltage at resonance. If we
choose V so that the ratio Vr:V is l:\/g, then we can
divide equation 7.18 by equation 7.16 to obtain

2 2.2 2 2 2 2.2
[ch +(w LC—I)MR + w L ]

/ 7.19 /NE/NE =2 2

This can be rewritten as a gquadratic egquation in C:

2
/ 7.20 / wZ(R2+w2L2)CZ —20°LC - E‘zi——

+ |
2 2
+ w L

72.
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Solving this equation for C gives two solutions:

L + R
RZ+w?L? w(R? +w?l?)

/ 7.2 / C =

Multiplying the second term by L/L, and substituting from

equation 7.17, this becomes

RC
7.22 = + —Fe
/ / C Co T oL
By definition, WL/R = Q, so we can write the two equations
for C as
/ 7.23/ Cyqy = C, + C./Q,
/7.24/ C_ = Co — Co/Q,

where Cp and C; are merely the capacitances which are higher

and lower than the resonance capacitance, C_. These equa-

O

tions indicate that the voltage resonance curve is symmet-

rical about C unlike the current resonance curve which

Ol

broadens slightly for C>C,. If iﬁco is defined as Cy ~ Cr»

the expression for Z&Co is obtained:

_ Co _ C, _ 2C
/ 7.25 / ACo—C°+Qo C°+—Q§——E"—

Rearranging this gives the desired equation for 1/Q.



/ 7.26 / /Q, = %%

Substituting this result into equation 7.14 gives the
desired equation for the dissipation factor, and since

D = e’?él as mentioned, we obtain

27
/ 7.2 / 6// — ACD ( Qo Q; )
2 Cs Q;

the working equation of Tay and Walker.4

3

Broadhurst and Bur~ derive a similar equation:

/ 7.28 / -
"n__ St 1\ CHo 2[ _h-te - Cee=Ca , C ]_
€ ‘(GOA/TS)A( Q)(CT-Cg) - Cqg ~ Cg

The term in brackets can be left out since this is an air

gap correction, and applies only to solid samples. Like-

74.

wise, the third term can be ignored since this accounts for

3

lead inductance which is negligible below 30MHz. This

then leaves us with

/ 7.29/6” _ 4Gy N |) . A(_l__)_.(_'___l_)
€, A Q ’ QT Y Q Q,

Their tg corresponds to our tl' and CT is the total circuit

capacitance which is the same whether the sample is in or

out; i.e., C, = CO = Ci' Substituting from equation 7.10

T
and remembering that Cé = CQ + C + Cir we obtain
! /
/1 Co + € A/t
/ 7.30/ € =1](o ref € ;)(!*!)

€. A Qi Qe
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which on rearrangement proves to be the same as our working

equation, 7.13:

/
/ 7.31 / 11 _ Cq €ref \( Q— Qi
6 tl ( GOA + 1»2 )( QoQi )

: . . "
We can determine the effect of Q on the uncertainty in €

as given by equation 7.13. It is

+|AAAl+ ACate +€reteA)] 4

(Cate + €ref €o A)

s 7.32 ; De’_ Ah,+ At
é“ 1| 1’2

gl gefogH

If we arbitrarily assume the following values and uncer-

tainties:
11
€ = 0.01
A = 1140mm? ; Aa = +1.5mm?2
c! = . ' = 10,
3 200pf ; ACQ 0.1pf
€rep = 2.4718 A€l¢= +0.01 (T = 25°C)
t, = 2.0mm ; Atl = +0.001lmm
t, = 1.8345mm ; At2 = 4+0.00141mm ;

the first four terms become approximately 0.00293. The two
ranges on the Q-meter which we use are 0-300 and 0-1000;

and for both ranges, the Q-analog output is 0 to 1.000 volts.
The digital voltmeter can be read to #0.0001V, so the
uncertainties in Q for the two ranges are *0.03 and 0.1
at best. In practice AQ was probably closer to #0.06 or

0.2 (or even possibly as high as #1.0). If, in addition to
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the above assumptions, we arbitrarily choose a value for Qg ,
we can back calculate Qi from equation 7.13. A computer
program was written to calculate and plot the per cent un-
certainty in €” for values of Q4 between 130 and 1000.
This program, along with the resultant graph and a table of
values, is given in Appendix VI. For the 0-300 range,
assuming a AQ of +0.06, the uncertainty in 6“ (for 6” =
0.01) decreases from approximately 3% at Qo = 130, to 1.1%
at O, = 300. On the 0-1000 range, for AQ = %0.2, the
uncertainty decreases from 2.2% at Qo = 300, to .86% at

Qo = 1000.
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CHAPTER VIIT

EXPERIMENTAL

The experimental equipment for measurement of the
complex dielectric constant in the RF region consists of a
Hewlett-Packard type 4342A Q-meter, a H-P type 5381A
frequency counter, a Data Technology Model 40 digital volt-
meter to measure the analog output of the Q-meter, the
dielectric cell, and associated temperature control and
measurement equipment.

The temperature control and measurement apparatus had
been previously developed by Trimmerl and Wilkes®. The
cooling apparatus consists of a 25 liter dewar containing
liquid nitrogen, into which a heating element consisting of
a two foot length of resistance wire was placed. Two
Variacs in series were used for coarse and fine control of
the heating element which boiled off nitrogen, thus genera-
ting a variable flow of cold nitrogen gas. The gas, after
cooling the cell, exhausted into the plastic bag containing
the cell, thus giving a moisture free atmosphere. (Conden-
sation on the cell can cause serious errors.) Temperature
measurement was accomplished with a Yellow Springs Instru-
ments type 44201 thermistor, and a voltage-resistance
network, built by the William and Mary Physics Department
electronics shop, which provided a linear output voltage

78.
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over the temperature range -50° to +50°C.
The cooling apparatus, the Q-meter, cell, and asso-
ciated equipment, were connected as shown in Figure 8-1

and in Plates 7 and 8.

To To H-P 538IA
DVM Frequency Counter
P R
l/ ~ -
4 rt. angle / Thermistor [g .
adaptor / rhtemp. probe A
Standard B mva iy
Inductor. -
e i E
®
® N

4342A Q-Meter Pigsfic bag

frequency range on Q range AQ @
OOOOOoard o;}f Ooac O

Figure 8-1

The samples were dilute solutions of the compound of
interest, in the slightly polar solvent, o—-terphenyl. The
o-terphenyl, obtained from Eastman, was purified by recrys-
tallization from methanol. After recfystallization, excess
methanol was removed by treatment in a vacuum oven for six
hours. The proper amounts of the solute and solvent were
weighed and mixed together by heating to 60°C, giving a
homogeneous solution which was then ready to be poured into

the cell.
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Prior to the actual measurements, a number of calibra-
tions were performed.

In order to calculate the area of the cell plates, the
capacitance was measured as a function of plate separation
on a General Radio type 1615-A capacitance bridge. A plot
of C versus 1/t (see equation 7.4) should have a slope,é?éoA.
As can be seen from Figure 8-2, the function is not linear.
Because of this, an area of llAO.lmm2 was used, calculated
from the measured plate diameter of 1.5 iﬁches. Inspection
of the plot does seem to indicate that the slope approaches

a limiting value corresponding to this calculated area.
110 r

3

100
90 |

|

80
70 t
60
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N NV TP £ d BN B | R RV |
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Figure 8-2




81.

The true zero point for the micrometer is easily found
by connecting an ohmmeter across the cell terminals and
slowly decreasing the plate separation until a short is
indicated. This was done prior to each actual measurement
and provides a check on the dimensional stability of the
cell.

The other correction which must be considered is the
voltage offset and drift of the Q-meter analog output. This

3 This

voltage should be 0.00 * 0.01V after three hours.
voltage was measured as a function of time with a chart
recorder and was seen to decay exponentially with a fairly
short time constant. Drift was negligible after a warm up
time of three hours. In practice, the value of this volt-
age offset was checked before and after each series of
measurements, and the measured values of Q adjusted accor-
dingly.

The original dielectric cell was based on the design
of Broadhurst and Bur4; but because of problems with leak-
age and non-linear response, no satisfactory data could be
obtained. The cell did, however, allow the wvalidity of
the measurement technique to be verified.

A new cell was designed and built by Mr. Stan Hummel
of the William and Mary Physics Department shop. The body
was machined from solid brass with tubing for thermostatic
control built directly into the body of the cell. The

electrodes were also brass, and the stationary high poten-

tial electrode was insulated from the grounded case by
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mounting it in a 3/4 inch thick piece of Teflon. The
piston shaped movable electrode was made in two parts which
were joined by a threaded stud on one and a tapped hole in
the other. A tapered Teflon o-ring was placed in a circum-
ferential groove at the junction of the two halves of the
electrode. By tightening the two halves, the pressure on
the o-ring could be adjusted to ensure a good seal. A L.S.
Starrett type 1-461MP (25mm) micrometer head was mounted on
the cell so that the electrode separation could be measured
to the nearest 0.00lmm. The cell is shown in Figure 8-3

and also in Plates 9 and 10.

Cooling outlet

One piece
brass body

eflon insulator

Compression
spring

1

PU—

[

S

o
Micrometer
assembly

ovable electrode

Plexiglas /‘
backing plate High electrode Cooling inlet

Figure 8-3
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Measurement of 6’

Due to the fact that the high electrode cannot be
moved with the supercooled o-terphenyl solution in the cell,
a slight modification of Kakimoto's procedure5 was neces-
sary.

The equipment is allowed to warm up for at least three
hours. An appropriate reference inductor is plugged into
the Q-meter and the capacitance is fixed at 200.0pf. This
is an arbitrary value and is chosen so that, in combination
with the reference inductor, resonance will occur in a
convenient segment of one of the seven fixed frequency
ranges. The reference inductors can be purchased separately
from Hewlett-Packard. These are similar to inductors which
were obtained from the National Bureau of Standards and
which had Q values in the range from 150 to 250. In order
to achieve better precision, the Q of the circuit should be
as high as possible; (see Appendix VI) and, to this end,
"Ultra High Q" inductors made by Rutherford Research were
obtained. These inductors had Q values near 800 and would
resonate with the 200pf capacitance of the Q-meter at
fregquencies ranging from approximately 150KHz to 1.5MHz.

The cell is connected, through the plastic bag, to the
QO-meter terminals. Since these terminals are vertical
banana jacks and the cell terminals are horizontal banana
plugs, a right angle adaptor was fabricated from two banana
plugs, two banana jacks, and short pieces of % inch copper

tubing. Another adaptor was made by embedding a small
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piece of printed circuit board with banana plugs and jacks
attached, in a block of epoxy. This proved to have too
much loss and was not used.

Since the capacitance and Q of the circuit are ex-
tremely sensitive to the physical orientation of the cell
and the adaptor, we constructed a framework in which to
rigidly clamp the cell. This framework was fastened to the
top of the Q-meter by removing two cover screws and one of
the ground connection posts and replacing these with brass
screws of sufficient 1en§th to go through the framework.

The cell could thus be located reproducibly for each run.

With the cell in place, the micrometer was set to
3.000mm (taking into account the offset previously measured).
This is an arbitrarily chosen distance and need only be
wide enough to allow the hot o-terphenyl solution to be
poured into the cell without trapping any bubbles between
the plates. It must also be small enough so that when the
calibration material with the highest dielectric constant
is used, the plates can be opened wide enough to reestablish
resonance, After placing the thermistor probe in the cell,
the cooling apparatus 1is connected and turned on.

When the temperature reaches approximately -30°C, the
hot o-terphenyl is poured into the cell and temperature
equilibrium is established. With the temperature stable at
the desired value, the frequency of the Q-meter oscillator
is adjusted for resonance. The frequency and corresponding

value of Q,(Qi), are measured for each reference inductor
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at each of the measurement temperatures.

For each temperature-solution combination, a calibra-
tion curve must be constructed. This is done by measuring
a series of reference liquids whose dielectric constants
range above and below 2.7, the nominal value for o-terphenyl.

Using the temperature-inductor-frequency combinations
determined for each o-terphenyl solution, each reference
liquid is placed in the cell and the circuit brought to
resonance by adjusting the micrometer. The maximum value
of Q, (Qy), is noted, as well as the Q—-analog output zero
offset. Since this Q value is measured at the peak of the
voltage versus spacing curve, accurate determination of the
spacing may be difficult if the Q is low; and a better value
may be obtained by averaging the spacings measured at the
"half power points".

Tha values thus obtained (t2 in the relevant equations)
are plotted versus the corresponding dielectric constants
(calculated from the measurement temperature, the known
dielectric constant of the reference liquid, and its temp-
erature coefficient). The resulting curves are fitted to

a second order equation:
/ 8.1/ at2+bt + ¢ =0 ,

and the o-terphenyl spacing can then be plugged into this

/ 1
equation to give € . Equation 7.13 is used to calculate € .
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CHAPTER IX

RESULTS OF Q-METER MEASUREMENTS

Measurements of the loss and dielectric constant for
a number of nitrocaromatic compounds in supercooled o-ter-
phenyl were made in an attempt to observe the [3—relaxation
process discussed in Chapter VI.

Of the two processes proposed to be present, the Q,
or cooperative process is predominant. It has an activa-
tion energy on the order of 30 to 70 kcal mol—l, and appears

I=4 e [3-process,

in the low frequency region (ca. 1KHz).
due to hindered rotation of the small, polar solute mole-

cules, has an activation energy on the order of 2 to 10 kcal
mol—l,3 and occurs at a much higher frequency. In addition,

the Q -process should cease to occur at or below T since,

g’
at this temperature, the structure of the solvent becomes
frozen in and cooperative motion is no longer possible. The
/gﬁprocess, however, should continue to occur.

Data gathered by Trimmerl, Wilkesz, and others3’4
indicates that the Q -process accounts for 50 to 90% (or
perhaps more) of the total loss in the supercooled region
above T (ca. -10°C; Ty R -30°C).

As mentioned, the [3-process is thought toc have an

activation energy near 2 to 10 kcal mol—l. This is
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reasonable i1f one assumes that this relaxation process is
similar to the process which occurs in the liquid phase.
For example, Howe® found an activation energy for nitroben-
zene in benzene from 25 to 60°C of 1.8kcal mol™t. It would
seem reasonable that the potential energy barriers which
the encaged solute molecules would encounter would be
greater in the supercooled state due to the decreased mo-
bility and more ordered structure of the solvent molecules.
Based on the above range of activation energies, we
would like to be able to predict the frequency range in
which the ﬁg—process should occur. If we assume that the
relaxation process follows first order kinetics, then the
rate constant for the process will be proportional to the
frequency of maximum loss. Applying the Arrhenius rate

theory allows us to write

-AEY/RT
/ 9-1/ fmgx (I k - AQ
where AE:t is the activation energy in kcal mol—l, R is the
gas constant equal to 1.987 x lO—3 kcal mol—l °K_l, and T

is the temperature in degrees Kelvin. We also assume that
the activation energy is temperature independent, an assump-
tion which seems to hold fairly well for normal liquids, but
whose validity for the supercooled and glassy states is not
certain.

Using egquation 9.1, and a nominal relaxation time for

. . ° . 5
nitrobenzene in benzene at 25 C of 10 picoseconds™, we can



construct the following table of frequency and temperature

for various activation energies.

[&EQ\\{éc 25 -25 -60 -85 -115
oK | 298 248 213 188 158
2 50,612 25,979 13,858 5,014
5 18,234 3,440 715 56
7 10° 9,223 894 99 2.8
10 3,321 118 5 32KHz
15 605 4.1 37KHz 18Hz

(All frequencies in MHz ﬁnless otherwise noted)
Table 9-1

The highest frequency attainable with our experimental
apparatus was approximately 13 MHz. Inspection of the
above table indicates that for the‘[}peak to be in the
experimentally accessible range, the activation energy
needs to greater than approximately 7.5 kcal mol™r. This
is based on a lower temperature limit of -115°C, with the
frequency of maximum loss occurring at -100°c.

Initially, the lowest temperature used was -85°C, and
while the tail of the () peak was clearly discernible, the
‘[3peak was not obvious. The data seemed to show that the
loss was beginning to increase, but that it had not yet
peaked. We felt that perhaps the X}peak was indeed being
shifted into the observable range, but that at the same
time, its magnitude was decreasing, thus making detection
difficult.

One possible solution to this problem would be to

89.
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obtain reference inductors which would resonate at higher
frequencies. However, since the maximum frequency at which
the Q-meter operates is 70 MHz, this solution may not yield
much improvement because Table 9-1 indicates that the acti-
vation energy still must be greater than approximately
6 kcal mol~l.

If the magnitude of the [Bpeak does decrease with
decreasing temperature, measurement of compounds which have
a large absolute magnitude of loss (i.e., a large dipole
moment) which is attributable to the [B—process, might allow
detection of the‘Lgpeak. To this end, measurements were
made on 2,2'-dinitrobiphenyl and 2-bromo-2-methyl propane.
While the percentage of the total loss due to the }3~process
for the former compound is approximately the same as for
nitrobenzene (ca. 20%)1’2, the magnitude of the total loss
is greater. For the latter compound, the magnitude of the
total loss is still relatively large, and the percentage
due to the /3—process is much greater (ca. 50+%)2.

The step which proved to be decisive in allowing the
definite observation of the [3peak was the decrease of the
experimental lower temperature limit to -115°C. (See the
graphs in Appendix IX.)

In thus lowering the experimental temperature, it was
found that the thermistor being used was extremely non-linear
below -60°C. A calibration curve was constructed, allowing
the thermistor to be used to measure temperatures with rea-
sonable accuracy to -90°C. For the measurements at -115°C,

a chromel-alumel thermocouple was used, the reference junction
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at 0°C. While the accuracy of the thermocouple was not as
good as that of the tﬁermistor, the effect on the results
was not appreciable.

Although the measurement technique does not allow the
precise determination of exact values for the dielectric
constant and loss, the relative values are readily measured.
This is sufficient to allow observation of the /3peak in
the low temperature-high frequency region. The trends seen
are as expected from theoretical predictions. At the lower
frequencies (ca. 150 KHz); the peak occurs below -115°C; and
as the frequency is increased to 13 MHz, the peak shifts up
in temperature to near -85°C. The presence of the high
frequency-low temperature tail of the (X peak is also clearly
evident. Although the peak cannot be located precisely
from the available data, if we assume that it occurs at -85°%
and 13 MHz, this is found to correspond to an activation
energy of 9 kcal mol-l. This is only a rough estimate, but
it is obviously in the range of 2 to 10 kcal mol-1 previously

quoted for the /3peak.
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PLATE I
Admittance Meter - Front



PLATE 2
Admittance Meter — Rear



PLATE 3
UHF Cell - Assembled



PLATE 4
UHF Cell - Disassembled
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PLATE 5
Interconnection of UHF Components
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PLATE 6

UHF Signal Generator and IF Amplifier
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PLATE 7
Interconnection of RF Components



PLATE 8
Interconnection of RF Components - Detail



PLATE 9
RF Cell — Assembled



PLATE 10
RF Cell — Disassembled
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COMPUTER PROGRAM TO CALCULATE

C., b%-a2, 2ab, AND TAN O
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rt111
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r13j
Fau
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ri171
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r23j
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r2e]
ro71
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rsol
raij
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r3sl
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[39]
r4o7]
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AP+ 101 2 o0
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APPENDIX IT

TABLE OF C_ (n=1,2,3), b2-a?, 2ab, AND TAN O
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b2-a

11.47274

11.63495

11.80463

11,98171

12,16612

12.35779

12.55662

12.76254

12.,87545

13,19523

13.42184

13,65511

13.89493

14,14120

i4,39377

14,65251

14.91728

15,18792

15,46427

15.74615

2ab

7.765
8,128
8.487
8,842
9,193
9,540
9,882
10,220
10,552
10.880
11.202
11.519
11,830
12,136
12,435
12,728
13.015
13.295
13,568

13.835

tan O
67684
.69859
71897
.73798
.75565
. 77128
. 78701
.80076
81325
. 82453
. 83462
. 84356
. 85140
.85817
. 86390
. 86865
87246
.87535
.87739

.878¢60
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.00

.10

.20

.30

Luo

.50

.60

.70

bz---a2
g8 .8264Y
88.82689
88,8282u4
88.83050
88.83367
88.83776
88.,8u277
88.8u4873
88.85565
28.86354
88.872u43
88.88233
88.89328
88.,90529
g8.91841
88,93242
88.94777
88,36u432
88.398210

82,00116

.000
. H0O
. 800
1.200

1.601

2,403
2,804
3.207
3.610
L,013
b ,u17
L,823
5,229
5,636
6.0u44

6,454

7.276

7.8690

tan
.0000¢
.00us50
. 00801
.01351
. 01802
.02253
.02705
. 03156
.03609
.ou062
. 04516
. 043970
.05u425
.05881
. 06338
.067¢6
.07255
.07716
.08177

. 08610



b2 - a2
89.,0215¢6
89.04332
89,06652
83.09122
89.117u46
89.,14532
89,17487
89,20618
839,23934
89.27442
89,31152
89,35073
89,39215
89.43588
89.,u48205
89,53076
83,58215
89,63635
82.69349

89,75372

2ab
8.105
8.521
8,340
9.360
9,782
10.206
10,632
11,060
11, 4380
11,922
12.357
12,795
13,235
13.677
14,122
14,570
15.021
15.475

15,932

16.392

tan O
. 03104
. 09570
.10037
.10506
.10976
.11uu8
.11922
. 12398
.12875
.13355
.13836
. 14320
. 14805
.15293
.15782
. 16274
.16 768
17264
.17763

. 18263
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4L.00

b2—a

89,81719
89.88L408
89.9545u
390.02876
90.10692
90.18922
90.27587
90.36707
90.46305
90.56403
90.67049
90.78229
90.89985
91.02345
91.15336
91.28985
91,43323
91.58378
91,74181

891.290761

Zab

16,855
17.321
17.791
18,264
18,741
19,221
19,704
20,191
20.682
21.1786
21,674
22,176
22,681
23,190
23,702
24,218
24,737
25,259
25,785

26,314

tan &
.18766
.19271
.19778
.20287

207398

. 21312

21827

.

22344

-

22862

.23383

. 23304

24427

. 24351

. 254786

.26002

. 26528

.27055

27581

.

. 28106

. 28631
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bz-a

92.08149
92.26377
92,4547
92.65472
92.,86401
33.08290
93,31168
93, 55064
93.80005
qu, 06017
9L4,33123
94,613u48
94,980711
95.,21232
95,52927
95,85811
396.19896
9€6.551¢981
96,91703

87.29437

2ab

26,846
27,381
27.919
28,459
29.001
29,545
30.091
30.639
31.187
31.736
32,286
32.836
33.386
33.935
34,482
35.028
35.573
3¢ ,114
36.653

37.188

tanEB
. 29155
. 239677
. 30197
. 30715
. 31229
.31741
.322u8
. 32751
.33248
. 33741
. 34226
. 34706
.35177
. 35641
. 36096
. 36542
. 36978
.37404
.37¢8e1¢

.38222
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97.68334

98.08573

98.49970

98.92580

899.36393

99.81397

1¢0.2757¢9

100.,74822

101.23408

101.73018¢

102,.23723

102,.75505

103.28335

103.82185

104,.37025

104,92823

105.495u46

106.07160

106.65628

107.24%944y

1C07.85022

2ab
37.719
38,245
38.767
30.283
39,7384
uo, 298¢
40,7935
41,285
41,767
np2,2u41
b2_70¢
43,162
43,609
L4, 045
Ly, 472
Lu, 887
Ls, 292
45,686
L, 087
ue , 437

Lg,795

tanB
. 38613
. 38992
. 39358
. 39710
L 40049
. 40373
.40683
.4097e
41258
L1522
L41771
.42005
L2222
L4242y
. 42609
LH2779
. 42933
L3071

Lh21¢2

43298

. 43389
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.00

.20

<40

b2 _ g2

246,74011
246,74076
246,.74271

246,74596

246.75054

246,75645

246,.,76372

246.77238

246,78246

246.79400

246.80704

246.82164

246.83785

246.85573

246,87536

246,89666

246.91999

246.94530

246.97272

247,00234

2ab
.000
.800
1.600
2.401
3.203
4,005
4,809
5.614
6.421
7.230
8.041
8.855
9.672
10.492
11.315
12.141
12.972
13.807
14,646

15.490

tan 8

.00000
.00324
.00649
.00973
.01298
.01623
.01949
.02275
.02602
.02930
.03258
.03588
.03918
.04250
.04583
.04918
.05253
.05591
.05930

.06271
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b2—a

247.03430

247,06873

247.10577

247.14558

247.18833

247.23421

247.28343

247.33620

247.39277

247.45340

247.51838

247.58800

247,66262

247.74260

247.82834

247.92027

248.01888

248.12u467

248.23820

248.36011

2ab
16.339
17.194
18.054
18.921
19.794
20.674
21.561
22,456
23.358
24,269
25.189
26.118
27.057
28,006
28,965
29.935
30,917
31.911
32.917

33.937

tan 8

.06614
.06959
.07306
.07656
.08008
.08362
.08719
.08079
.09442
.09808
.10177
.10549
.10925
.11304
.11687
.12075
.12466
+12861
.13260

.13664
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10.00

10.20

io0.40

10.60

i0.80

11.00

11.20

11.40

11.60

11.80

b2—a2

248.49104
248.63175
248.78301
248.94570
249.12076
249.30923
249.51222
249,73095
249.96674
250.22103
250.49536
250.791u41
251.11098
251.45599
251.82895
252.23132
252.66576
253.13470
253.64070

254.18638

2ab

34,970
36.017
37.079
38.156
39.249
40.358
41.483
42.626
43.787
by ,865
46,162
47.378
48.613
49,866
51,139
52.430
53.740
55.067
56,412

57.772

tan 8

.14073
.14486
14904
«15327
«15755
.16188
.16626
.17069
17517
.17870
.18428
.18891
.19359
.19831
.20307
.20786
+212689
«21754
.22241

$22728
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12,00

12.20

12.40

12.60

12.80

13.00

13.20

13.40

13.60

13.80

i4.00

14.20

14.40

14.60

14.80

15.00

15.20

i5.40

15.60

15.80

254,774y

255,40759

256.08855

256.81996

257.60436

258.44415

259.34147

260.,29821

261.31592

262.39576

263.53845

264,743456

266.01348

267.34468

268.73700

270.188789

271.69795

273.26194

274,87786

276.54243

2ab
59.147
60.536
61.935
63.342
64.756
66.173
67.589
69,000
70.403
71.794
73.167
74.517
75.841
77.133
78,388
79.602
80.770
81.887
82.850

83.955

tan 8

23216
«23702
.24185
.24664
.25138
.25604
.26062
.26508
«26942
.27361
«27763
.28147
.28510
.28851
.29169
.29462
.29728
.29967
.30177

.30359
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APPENDIX ITI

COMPONENTS OF UHF MEASUREMENT SYSTEM

109.



Signal Generator:

General

Radio

and Type 1362

Detector:

General
General
General

Radio
Radio
Radio

Type

110.

1264-B Modulating Power Supply

UHF Oscillator (220-920MHz)

Type
Type
Type

Measuring Equipment:

1362 UHF Oscillator
1236 IF Amplifier
874-MRAL Mixer

General Radio Type 1602-B UHF Admittance Meter
General Radio Type 1602-P4 50 Ohm Termination
Gaertner Scientific 0.001 cm. Cathetometer

Connecting Equipment:

General
General
General
General
General
General
Line

UHF Cell:
*General

*General
Adapter

*These parts

described on

Radio
Radio
Radio
Radio
Radio
Radio

Radio
Radio

Type
Type
Type
Type
Type
Type

Type
Type

874-R22LA Patch Cords ( 2 ea.)
874-F1000L Low Pass Filter

874-G10L 10db Attenuator Pad
874-WOL Open Circuit Termination
874-ELL 90° Elbow

874-LK20L 20 cm. Constant Impedance

874-D50L 50 cm. Adjustable Stub
874-0BPAL BNC Jack to Type 874

were used in the construction of the cell as

pages 47 and 48.

110.



APPENDIX IV

COMPUTER PROGRAM TO FIND BEST FIT FOR

ALL UHF DATA

111.



[10]
[117
(121
[13]
f14]
f1s5]
{16]
f17]
[18]
(193]
{201
[21]
[221]
(23]
[24]
[25]
[261]
(271
[28]
[29]
(30]
[311]
r321]
rs3sj
fau]
[3s51]
[36]
[37]
[38]
[39]
fuo]
fu1]
(u2]
fu3]
Cuyn]
fus]
Cus]
fu7]
fug]
(493

V TAUFIT

YENTER HEADING.

HEAD?2 <M
YFREQ?'!

FR<[]
+(FR=0)/0
OM<+(pFR)p0
APCAL<(pFR)pO
ADPCAL<«(pFR)p O
'7TAU START?!
TAU<[]
+>{(TAU=0)/0
YTNCR2?'!

ITr<
>(IN=0)/0
‘AP EXP??
APE X+
+>(APEX=0)/0
'ADP EXP?!
ADPE X<
~(ADPEX=0)/0
rtan 21

Ao«
>(A0=0)/0
YAINF 2!
ATNF<l]
~(ATNF=0)/0
OM«2x(OFR)
C<«0

'PAU(PICOSECONDS)

Ty
1

LOOP:TAU«TAU+IN

C«C+1
J+0

LOOP2 :J+«J+1
APCALLT]«((A0-AINF) 2 (1+(OM[J]*2)x(TAU*2) ) )+AINF

112.

git OF TFE SQUARES OF THE RESIDIJALS!

ADPCALLJ ]« ((AQC-AINF)IXOM[ JI=xTAU) +( 1+ (OM[ JI*2 )xTAU*2)

>(J<(pFRY)/LOOP?2
SUMSO«((+/(APCAL-APEX)*2)+(+/(ADPCAL-ADPEX)*2))
PORM<« 16 2 45 4

TAU«TATU=x1000000000000

FORM DFT TAU AND SUMSQO

TAU«TAU%x1E 12
+(C=1)/GIVE

+(SAVE<SUMS0O)/STORF

SAVE+«SUMEQ
+LOOP

GIVE :SAVE+SUMSO

+~LOOP
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APPENDIX V

LEAST SQUARES PLOTS OF € ' AND &€ "

VS CONCENTRATION
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APPENDIX VI

RELAXATION TIMES AND SMYTH PARAMETERS

FOR UHF DATA
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APPENDIX VII

COMPUTER PROGRAM, TABLE OF VALUES AND

PLOT OF UNCERTAINTY IN € " VS. Q
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320
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420
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209.1
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890
900
310
920
930
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950
960
970
980
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1000
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APPENDIX VIII

COMPUTER PROGRAMS FOR Q-METER

DATA CALCULATIONS
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[10]
f11]
[12]
r13]
[14]
(15]
[16]
[17]
[18]
[19]
{201
(211
[221
(231

(1]
[21
[3]
f4]
[5]
[s81]
71
(8]
(9]
f101]
f11]
121
[13]
C14]
(151
[16]
(171

V QCALC

'RUN NUMBER? LAST RUN WAS ' ,(w(p0T7[311))

LC<[]

+~(LC<(p0T7(:11))/0LD
orrT<orT,[1] 1 8 poO
0T9<«0TQ,[1] 1 8 poO
0TSP«0TSP,1p0
orpc«oTrpCc,[1] 1 8 poO
REFSP«REFSP,f11 1 4 8 poO
REFSPC+REFSPC,[1] 1 4 8 pO
REFT<«REFT,[1] 1 4 8 poO
REFQ<«REFO,[1] 1 4 8 pO
RDC+RDC,[1] 1 4 8 poO
RDCC<RDCC,[1] 1 4 8 poO
EPpP«EPP,[1] 1 8 poO
FRSAVE«FRSAVE,[1] 1 8 po0
UNKINPUT

OLD :FR«8pFRSAVE[LLC; ]

REFINPUT

TEMP

TOLS

OTEP

EDP

'CALC COMPLETE !

v

vV UNKINPUT

NR+1

FRSAVE{LC; 1«FR«[0,0p(l« '"FREQUENCIES?'

07SPLLC]«0,0p0« 'O-TERPEHENYL SPACING?'

orTLLC; 1«0,0p00« (7 'UNKX TEMPS, RUN ' ),¥LC

>{((pOTTLLC;])=(pFR)) /4

0TQLLC1«00,0p0«(¥ 'UNK Q''S, RUN ' ),¥LC

~((p0TALLC;1)=(pFR)) /6
v
V REFINPUT;I

NREF<[,0p[+ 'NWNUMBER OF REFERENCE LIQUIDS?'
>('N'=(14M))/O0LD ,0p0« 'NEW REFERENCE DATA?'

I+«0
‘GIVE A COEFF''S, THEN a''S.'

REFLOOP:I+«I+1
REFSPLLC ;T ;1<0,0p0l«(¥ 'REF ' ),(¥I),(¥

+>((oREFSPLLC;3;I;1)=2(pFR))/6
REFTILLC ;I ;]«[,0p«{(¥ "REF ' ),(3%I),(¥
>((pREFTLLC;I:1)Y=(pFR))/8
REFQULC ;I ;1«0,0p01«(% 'REF ' ),(¥I),(7
>((pREFALLC;T:1)=(pFR))/10
+(IT<NRFEF)/REFLOOP

OLD: 'REFERENCE NUMBER FOR RUN ' ,¥LC

OLDREF<[]

REFSPLLC;; 1«REFSPLOLDREF 33 ]
REFTLLC ;3 ]«RFFTLOLDREF ;]
BEFQLLC; 3 J«REFQLOLDREF 5 3 ]

v

t

t

SPACING?

TEMP?

prrg:e

)
)

)
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APPENDIX IX

TABLES AND GRAPHS OF

RF Q-METER DATA

167.



TABLE OF CONTENTS

FIRST NITROBENZENE . . . . .
SECOND NITROBENZENE . . . .
SECOND NITROBENZENE . . . .
SECOND NITROBENZENE . . . .
FIRST 2,2'-DINITROBIPHENYL .
SECOND 2 ,2'-DINITROBIPHENYL
SECOND 2,2'-DINITROBIPHENYL
SECOND 2,2'-DINITROBIPHENYL
FIRST T-BUTYL BROMIDE . . .

SECOND T-BUTYL BROMIDE

3
[
.

SECOND T-BUTYL BROMIDE . . .

SECOND T-BUTYL BROMIDE . . .

.TABLE OF €''., . . .

.TABLE OF €'' . . .

‘ell

.et?

vs /7 . . . .

VS LOG FREQUENCY

.TABLE OF €¢'' . . .

.TABLE OF €'' . . .

.e'' Vs 1/ . . . .
.e'' VS LOG FREQUENCY
. TABLE OF €'' . . .
. TABLE OF €'' . . .

.ell

.€|'

VS 1/T . . . -

VS LOG FREQUENCY

168.

.169
.170
.171
.172
-.173
<174
«175
.176
.177
.178
.179

.180



170.

8900°

2800°

S110°

LLOO"

1600°

€0T10°

L310°

SLTO"®

J8T1-

0h10°*

LETO®

6170°

6600°

S600°

00t0*

9¢€10°

8C10°

0G8~-

3010° 1600°
€T10° 6010°
€600° €600°
6800° 9800°
0600° 6L00°
€600° TLOO®
3600° ©900°
0600° 8900°
009~ 20§~

AIoVyIAY SAIONANDAYA

L0T0°

wZ10°*

w600°

£600°

1800°

TL00®

hh00°

€h00°

bOil

ANAZNITGO0HIIN LNID ¥Ed h ¥0d

8610°

09710°

8¢10°

AAYN

¢110°

6800°

¢900°

0900°

20€~-

LLTIO®
6810°
9st0°
eL10”
9910°
cLTO®
8¢t0°
Getro0°

202~

680TT6ET
2S0hLSL
£GE9LEE
STO6LET
SRR AYA
T69€ELE
Ehceldn
6LC0ST

(ZH)0adA

13



169,

0Otio”

0ot0°*

€600°

¢600°

0600°

€600°

1600°

60T0°

J68-

GZ10°

L210°

¢i1o°’

1600°

©800°

1800°

Tot0°*

h010°

J09-

Z910" h6T0°
hST0° 0610°
LETO® 8910°.
L600" 7C10°
L800° 80T0°
8800° ¢010°
LTT0° heTO*
T€T0° oetro°
J06~- J0h-

qaovVdIAY SEAIONZNDIYI

L8TO"*
chio*
L1T0°
t010°
ohio*

L210°

ANFZNZEO0HIIN INED ¥3d h d0d

8€T0°
9GsT10°*
Thio*
Se10°
6T10°
0eT0°
8110°
LTTO0°

202~

hilco®
¢Leos
héco”
¢eCO”
1L20°
Lego
¢0€0°
TZho*

20T~

N:ﬁhﬁmMﬁ
9€0LLSL
eEL8LLEE
E6L6LET
ceieel
ggLELE
€0EEOHN
€EEOST

(ZH)DAYL

142



171.

#900°0 Z900°0 0900°0 8S00°0 9S500°0 #S00°0 ZSCO0°0 0S00°0 8#00°0 9h00°0 HHOU®O0 ZH0O°O 0OHOO°O B8EO0D°O

J8TT- O M2~ ANIZRIFOHLIN  I/T SASYAA .2

| (. i | | | | ! | | | | | | | | ] ] | | | | | ! | in00°0
(X s3a¥naa) /3 o |
»
|
|
1500°0
i
|
|
o |300°0
) = |
|
x [s) |
° {000
. |
|
v |
A 1800°0
+ A |
v |
v o |
2 x [600°0
) 8 0 2 |
(ZEXZEL)A » !
(ZHABE T)V 1
(ZHXHLE }e {0t0°0
°
!
|
x x |
+ |T10°0
+ A |
G ~ ..w
|
(zHwse*€)0 12100
+ 9 |
» |
(ZHX0ST)O 8] i
1€T0°0
|
(ZHAEON) = o |
(ZHALS L)+ |
(ZHHB"ET)x |nT0°0
|
|
o
is10°*0
|
0 |
x |
+ 1910°0
|
|
» > _
° ]L30°0
v |
© |
x |
18100
|
|
|



172.

6L 8°9 9°'9 h'9 ¢°9 0°9 8*s§ 9°s L s
| ] | | | | i | | | | | | | ! | ! | |
XoRIN03yd DO °
»
A
A
A
+
A
(STT-)+ .
A
v *
.V v
-4 e + v
0 v
0
a
+
(05-)a
(08-)y "
+
g
(0fr=)o »
o]
i 0
D <)
(s8-)p
(o]
(og-)*
] +
(o]
Q
+

J6%T- 0 0%~ ANF2ZNIA0TIIN XoNaNDIAYL D07 SNSUIA 4.2
(0%-)o



173.

LS0O0"

9800°

w900 °

3¢00"

heOO”

¢€00°

1L00°

9800°

J68-

0200" T000°_
9700°" 6T00°
0ho00" L200°
3000° 2000°"
8000° €000°"
9000° z000°
9€00° ©100°
$500° ©h00°
209- 20§~

qIOVIANY SIIONANDIHA

TT00°_ 1100°_ ©S00° _ Sh00° SLZhEET
T100° $000° 0€00° _ €h00° LSh98GL
€T00°" €000° £€200°_ 8500° S06T8EE
1000° 1000° 2000° _ 900" 6STTBET
9000° $000° 9000° _ €900° hEBZEL
1000°_ T000°_ S000°_ L900°" ThIhLE
zt00°_ ST00°_ 0€00° _ LS00° H9LE0h
S100° 1700° L200" _ TT70° SZSO0ST
J0h- J0€g- 202- 20T~ (ZH)0AYA

TANAHIIGO4IINIA-:2'C TNAD ¥Ad €°C H0d 4.3



174,

L000"

G000"

0eo0g”

£00C°

¢G00°

¢100°

LLOC?

8LCO"®

JS11-

600"

h100°

5L00°

268~

8200°_ 1200° _
2200°_ 0T00°_
L000" 9100°_
1100°_ S000-°_
6000° _ 1000°_
7000° L000"
$000°_ 2100° _
LS00 8700°
009- 00§~

aaovydaAy SAIONIANDAYA

9700°_ 8000°_ 8h00°_ 6900°
$000° _ €000° 2200° _ 1500°
6900°_ 0T00°_ 0200°_ 1500°
£000°, €100° ©S00° 2L00"
9000° zz00" €€00° 0600°
$T00° 8200° L200° 0tTO"
STO0°_ z000° Z100°_ 0800°
ST00° 9z00° 0700°_ Ento"
20h- 00¢€- 20Z- 20T~

G93C€EBET
GSOLB8SL
Ohlcl8EE
000c8el
0SEEEL
OthhLE
Sh8EOH
h9S067T

(ZH)bIYd

TXNZHITGOYIINIQ-42*'C INAD YAd €°€ HOd 4.3



175.

h900°0 2900°0 0900°0 8S00°0 9S00°0 4500°0 ZS00°0 0S00°0 8H00°0 9H00°0 +HhUQ'0 IHOO0'0 0HQO'O 8€00°0

JS$T1- 04 01- TXNIHdIGOHIINIA-4T°T L/T SNSHAN 442

I ! | ! ! ] | | | | | ! | | I ! ] | I ! ] | | | | | [800°C_
(X s3zuo3aa) I/3 |
a |
|
[900°0_
|
x !
|
|n00°0_
]
x |
|
+ x 8 {Tco"0_
0 L] |
(ZHWBE"€)( z * R Py |
(ZHANG6 €T ) x * v + |
4 (ZHHNES L)+ A ¥ |ooo*¢
& @ ° 3 + ]
° (ZHHWBE T)V |
(ZHAHO0% ) * ) v |
(ZHXeeL)A o A |200°0
o ° |
U (ZHARLE ) ° | 443
4 |
|n00°0
!
B
o v !
1900°0Q
!
R
¥ ]
o (ZHXTST)o *800°0
|
A
i
10T0*0
|
o
)
|1210°0
|
|
|
[nT0°0
o
|
I
|



176.

x(02-)

G(os-)
9(0S=)
4(04=)
o(0C-)
+(68-)

x(STT=)

0(0T=)

89
g

9°9
o

Xonandayd 207

€]

» + > <

2811~-

0z 01~

<

+

TXNIAHATGOUITHIA~ T T

o [ wb

XoNaN0Idd 207 SNSE3A

-—V

<>



177.

¢e00”

IRAVIV

9100°

T100°

6000°

6000°

¢cQo-

6000°

J68-

Z100° 8T00°_
£000° hT00° _
€T00°_ €T00° _
6000°_ 2100° _
8T00° _ 1200°_
LT00" _ 8T00°_
LT00" _ 9¢00° _
©100°_ h100°_
209- 205~

aaovaaAv SIAIONANOIYd

6S00° _ 9900° _ 8hT0" _ 8200° _
LT00° _ $€00°_ 700" _ €T00°_
Z€00° _ THOO® _ TLOO" _ 9T00° _
R100°_ 5000° _ 7700°_ 9100°
LT00°_ 2T00°_ 1200°_ 6200°
Z100° _ 5000°_ €000° 9500°
£N00° _ 5€00° _ TH00° _ 2z00°"
©200°_ LT00°_ 1200°_ €600°
D0h- 20€- 002~ 20T~

.

ANVd08d TXHLIAK=-T-0H0dE~T JZNID HAd h 404

C3L116ET
LLTHLSL
66hgLEE
T166LET
161C€EL
Ch8ELE
991¢E0Hh
h0€0ST

(ZH)ba4d

142



178.

6800°

8¢00°

TC00°

6000°

LEAI R

6100°

Z100°

8eo0o0"

J68-

L000"* 2200° _
©€00" L000° _
_ £€00° ZT00°_
€L00° 2000° _
7800 " H000° _
9900° 0000°
1500° L000°
1¢T0° S£00°
009- 206-

AAOVHAAY SIIONANDIYA

6100° _ Lh00" _ z22t0° _ $900° L996Z6ET
6200°_ €€00° _ 2900° _ §500° 986€£85L
£€00°_ 71€00° _ 6300° _ L900" 9ELOBEE
©100°_ Z100° _ 1200° _ 1€00° Z98T8¢ET
ST00°_ 9000° _ L200°_ Z€00°* ThZEEL
8000°_ L00O" _ Z100°_ 6€£00° 0ZEehLE
TE€E00° _ ©1€00° _ 6700° _ 0600° 8ZLEOH
S000°_ L000" _ Zhoo° _ SHT0° 8ZG0ST
J0t- J0¢e- 20z~ 20T~ (zH)23Y4

ANVI0dd TXHIHAA-T-0K0HE-C LNID HAL h H0d 443



179.

79GC"0 Z900°0 0900°0 8900°0 9600°0 4§00°0 <TE00°0 (€SCO0'0 8HOO*0 9h00°0 H4h00°0 ZTHOO°0 0400°0 8

ISR T E A A U T A AN N A A I R S S
(¥ S5&yoza) I/t

(zumse¢)d
(Vv = ZHNBE T)¥(» = ZHNCOR)
v (ZHYhLE)®
(zyyeeL)h
(ZHKLS L)+

(2ZHY0GT)O

(ZHAG CTIX

€l +

2811~ 0 01~ ANVd0dd TAKIEW-T-0HOHE-T

! !

* < B3

&/t SnsdaA

+ ¥

e?



180.

3

i | !

AoU3NOIEL DO

(0Z-)«

AONIVO
(oh-)a

(05-)vy

(S8-)+
(09-)0

(0T=)o

(6TT-)x

2611~ 0L 01~-

8'3

l

13— w0

24

ANYd0dd TXHIIA=-T-0WOHE-T

°

<1
°

+

XoNAnDEYL D071 SNSHIA

-—U

<



181.

BIBLIOGRAPHY

J.E. Anderson and R. Ullman, J. Chem. Phys., 47, 2178(1967).

E. Bauer, Cah. Phys., 20, 1(1944).

Arnold A. Bondi, "Physical Properties of Molecular Crystals,
Liquids, and Glasses," John Wiley & Sons, Inc., New
York, N.Y., 1968.

Martin G. Broadhurst and Anthony J. Bur, J. Res. NBS 69C
(Eng. and Instr.), No. 3, 165(1965).

A. Budo, E. Fischer, and S. Miyanoto, Phys. Z., 40, 337(1939).

M.H. Cohen and D. Turnbull, J. Chem. Phys., 31, 1164(1959).

K.S. Cole and R.H. Cole, J. Chem. Phys., 9, 341(1949).

R.H. Cole, J. Chem. Phys., 42, 637(1965).

D.W. Davidson and R.H. Cole, J. Chem. Phys., 18, 1417(1951).

D.wW. Davidson and R.H. Cole, J. Chem. Phys., 19, 1484(1951).

Peter Debye, "Polar Molecules," The Chemical Catalogue
Company, Inc., New York, N.Y., 1929.

E. Fatuzzo and P.R. Mason, Proc. Phys. Soc., 20, 741(1967).

E. Fischer, Phys. Z. , 60, 645(1939).

H. Frohlich, "Theory of Dielectrics," Oxford University
Press, London, 1949.

General Radio Company, Instruction Manual, Type 1602-B
Admittance Meter, General Radio Company, West Concord,
Massachusetts, 1968.

A. Gierer and K. Wirtz, Z. Naturf., 8a, 532(1953).

S.H. Glarum, Doctoral Thesis, Brown University, 1960; Uni-
versity Microfilms, 62-5745, Ann Arbor, Michigan, 1975.



182.

S.H. Glarum, J. Chem. Phys., 33, 369(1960).

S.H. Glarum, J. Chem. Phys., 33, 1371(1960).

S. Glasstone, K.I. Laidler, and H. Eyring, "The Theory of
Rate Processes," McGraw-Hill, New York, N.Y., 1941.

M. Goldstein, Am. Chem. Soc., 30, 117(1970).

Gilroy Harrison, "The Dynamic Properties of Supercooled
Liguids," Academic Press, New York, N.Y., 1976.

Hewlett Packard, Operating and Service Manual - Model 4342A
Q Meter, Yokogawa-Hewlett-Packard, Ltd., Tokyo, 1973.

Nora E. Hill, et.al., "Dielectric Properties and Molecular
Behavior," Van Nostrand Reinhold Co., New York, N.Y.,
1969.

Allen K. Howe, Jr., Honors Thesis in Chemistry, The College
of William and Mary in Virginia, 1974.

G.P. Johari, J. Chem. Phys., 4, 1766(1973).

G.P. Johari, J. Chem. Ed., 51, 23(1974).

Akira Kakimoto, Rev. Sci. Instr., 43, 763(1972).

J.G. Kirkwood, J. Chem. Phys., 7, 911(1939).

Dennis D. Klug, David E. Kranbuehl, and Worth E. Vaughan, J.
Chem. Phys., 50(9), 3904(1969).

F.I. Mopsik, Doctoral Thesis, Brown University, 1964; Uni-
versity Microfilms, 65-2229, Ann Arbor, Michigan, 1975.

O.F. Mosotti, Mem. Soc. Ttal., 14, 49(1850).

L. Onsager, J. Am. Chem. Soc., 58, 1486 (1939).

F. Perrin, J. Phys. Radium, Paris, 5, 497(1934).

M.Y. Rocard, J. Phys. Radium, Paris, 4, 247 (1933).

W.T. Scott, "The Physics of Electricity and Magnetism,'
John Wiley & Sons, Inc., New York, N.Y., 1966.

S.P. Tay and S. Walker, J. Chem. Phys., 63, 1634(1975).

Karen Rae Trimmer, Honors Thesis in Chemistry, The College
of William and Mary in Virginia, 1975.



183.

Worth E. Vaughan, Chapter II: Experimental Methods, in
"Dielectric Properties and Molecular Behavior," Nora
E. Hill, Ed., Van Nostrand Reinhold, Co., New York,
N.Y., 1969.

Arthur R. Von Hipple, "Dielectrics and Waves," The M.I.T.
Press, Cambridge, Massachusetts, 1966.

Robert C. Weast, Ed., "Handbook of Chemistry and Physics,
54th Edition" CRC Press, Cleveland, Ohio, 1973.

Charles A. Wilkes, Honors Thesis in Chemistry, The College
of William and Mary in Virginia, 1976.

G. Williams, M. Cook, and P.J. Hains, Faraday Transactions
II, 68, 1045(1972).

G. Williams and P.J. Hains, Faraday Society of the Chemical
Symposium, 6, 14(1972).




184.

VITA

Theodore Bryant Kingsbury IV

Born in Richmond, Virginia, October 28, 1947.
Graduated as valedictorian of Franklin High School, Franklin,
Virginia, in June, 1965. Attended Dartmouth College in
Hanover, New Hampshire, and St. Andrews College in Laurinburg,
North Carolina from 1965 to 1969. Served from 1969 to 1973
in the United States Air Force, attaining the rank of Staff
Sergeant in the field of airborne electronics. B.S., Morris-
Harvey College, Charleston, West Virginia, 1974.

The author entered the graduate program of the Depart-
ment of Chemistry of the College of William and Mary in

January, 1975.



