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ABSTRACT

The purpose of this work was to study the dielectric proper-
ties of the system pentamsthylene .ultldo-pcﬁ:aacthylono oxide.
Both dielectric studies and other physical measurements showed the
systea to fOIILl continuous series of solid solutions. A small
portion of the pentamethylene sulfide rich region of these solid
solutions provéed suitable for studies of dielectric dispersion.
These studies showed that Hoffman's interpretation of dielectric ,
dispersion in solids (the multi-position, single axis rotator)

is probably valid.
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PROLOGUE

"The acquistion of exact knowledge is apt to be both tire-
some and tedious but it is necessary to any degree of excellence.'®

No work can claim intellectual value without clear purpose,
be it implied or directly stated. It is my belief that the pre-
sent work carries with it the clear purpose of examining dielectric
relaxation ard has specific value in that it lends support to a
particular approach to this phenonenon.. To claim;however, that
this is its sole value would be to take a singularly myopic view
of its implications.

At some indefinite period in our mental developement the
humanities and the natural sciences parted company and have since
moved in separate spheres. That such a move was the inevitable
result of increasing disciplinary specialization does nothing to
repair the damage of the schism. Man still pursues as a unit a
common if indefinite goal.

I submit, then, that this work has a second purpose. It
attempts to explore the meaning of one small part of the physical
universe in the belief that under;tanding of the inanimate might
lead to understanding of ourselves. Thus even the most insignifi-
cant work must be viewed as a contribution to the sum of human
knowledge, a thought which is contained in this work and which has

made its tedious moments more bearable.

# Bertrand Russell.
iv
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CHAPTER I

INTRODUCTION
A. The prime purpose of this work is to study the dielectric dispersion
observable in the frequency range from 100 Hz to 100 kHz in the solid
system pentamethylene oxide:pentamethylene sulfide. As in the case
with many scientific investigations this was by no means clear from the
outset and the system was subjected to much examination before such clear
purpose was introduced. It is accordingly the desire of the authcr to
set some of the basic concepts of dielectric dispersion, with particular
attention to binary, solid, organic systems to serve as a guide to the
reader. Certain sections of the discussion which accompanies the results
of the present work will deal entirely with other physical aspects of
the system under investigation. It is to be stressed that these are
complementary to the main work and that the main weight of argument to
be used will deal with dispersion. All meaningful discussion of the
current results will be found not in this portion of the work but rather
in the discussion itself to which the reader sufficiently familiar with

dielectric work is immediately referred.

B. (Capacitance and the Dielectric Constant

The capacitance of a given conductor is defined such that C, the
capacitance, is the proportionality constant between Q, the charge in

the medium and V, the potential of the medium such that

I




C‘% (1)

The dielectric constant may be defined as the ratio of the capaci-

tance of a given medium to that of free space such that:

€ =c/c, (2)

where € is the dielectric constant, C is the capacitance of the medium
and CO is that of free space. The dielectric constant is thus dimension-
less and is unity for free space. It is the fact that it is dependent
on the medium, the temperature, and the frequency of measurement that,
while casting a shadow on the adjective "constant", makes its value a

subject of interest and hencesuitable for study.

C. Basis for the Exjstence of a Dgelectr_i‘ c_Constant
1) Non-Polar Substances and the Clausius-Mosotti Equation

Figure 1, below, shows a simple parallel-plate capacitor containing

a dielectric medium between the plates of a capacitor.
e

Figure 1
If the material between the plates, initially vacuum, is replaced by

a non-polar material it will be found that the total charge Q on the plates
has increased. Since the voltage supplied is constant in this array,
reference to equation (1) clearly ;shows that the capacitance of the
assembly has increased. Equation (2) may now be used to indicate that

the diclectric constant of the material between the plates of the capaci-

tor is greater than unity. We now seek an explanation for this phenomenon.




Faraday (1) has pointed out that the molecules of which a dielectric
is composed are themselves aggregates of discrete charges and hence are
polarizable in an electric field. This property permits a compensating
charge to form at the surface of the dielectric in contact with the con-
denser plates and hence allows the ability of the capacitor to store
charge to be enhanced.

This observation, that the material composing a dielectric is polar-
izable, was used by Clausius* (2) and Mosotti (3) who derived an expres-
sion for the dielectric constant of a non-polar dielectric. The result,
known as the Clausius-Mosotti (4a) equation is considered next.

Consider the field between the plates of a condenser such as that

shown in figure I. The field perpendicular to the plates is given by:
EO = luyl‘ (3)

Where o~ is the surface charge density on the plates. Introduction of a

dielectric material leads to a decrease in the field strength such that:

E = LknT¢ (4)

This decrease in field strength could have been achieved by reducing ¢

such that

"lﬁ.{-llw (5)

this latter effect being due to polarization, P, of the dielectric mater-

1al. We now introduce a new quantity, the electric displacement D defined

such that

# Reference to the original papers, as in this case, is often a matter
of historical rather than real interest. Since the results of these in-
vestirations are given with deeper insight in later works I shall always
refer Lo Lhese later and better sources as well.




A
D=Lt (6)
Clearly
D= ¢E (7)
Whence
D=E+ 4wP (8)
and
€1 =4nP (9)

E

Now the induced electric moment m associated with an individual molecule

will be simply
m= «F o (10)

Nhere oc o is the polarizability (which may or may not be isotropic) and
F is the field intensity to which the molecule is subjected. It is ob-
vious that the total polarization per unit volume of a molecular assembly
will be the sum of the individual moments i.e.

P=Nmn (11)

where Nl is the number of molecules per unit volume.

Consider now a molecule at the centre of a spherical cavity in a
dielectric between the plates of a capacitor. The cavity is considered
to be small with respect to the volume of dielectric but large compared
to the size of the molecule. Our reference molecule is now subjected to

an electric field composed of three components:

F=I-‘1+F2+F3 (12)

Where: Fl is the field due to the charge on the condenser plates, F, is

2




the field due to the polarization of the surface of the spherical cavity

and F, is the field due to the molecules removed to create the cavity. This

3
latter is taken to be zero and has been rigorously shown to have this value

for gases and cubic crystals (5). It may then be shown:

Fy = bno~ (13)

r2=-t.np+g_3_n_1> (14)
Whence from (12)

F=g+ 4F (15)

And using (11), (9) we obtain

- N o,
5 - b a0

Since N, = Nd/M

where N = Avogadro's number, d is the density and M the molecular weight

we have at once:

p= Gl inlu, (17)

this latter equation being the desired result. It should be noted with
reference to equation (9), (12) and (15) that the field assumed to be

acting on a given molecule is:

-(551'-2-)-1: (18)

F

This is the Loretz field and is not always adequate. This derivation has
been carried out for the expressed purpose of introducing the concept of

internal ficld. Its estimation by other means will be discussed later in

this work.




The value of equation (17) for substances such as 2,2,4=trimethyl-
pentane (6) and benzene (8) has been demonstrated. It has even been
applied to solid cyclohexane with considerable success (9). It has been
found however that substances like ethyl bromide in the vapor state have
a high polarization which decreases as & linear function of the absolute
temperature (10,11). Clearly equation (17), which is independent of
temperature, is inadequate in this case. It was Debye (12a) who supplied
the necessary correction which we consider next.

It is evident that, in addition to the polarization induced in the
molecules as a result of the motion of electrons and nuclei in an applied
field,.there will be polarization arising from the aligmment of molecules
having a permanent dipole moment with the fic}d. This dipole moment
arises from the fact that, due to different electronegativities of the
constituent atoms, there is an unsymmetric distribution of charge in the
molecule. The molecule naturally retains its overall electrical neutrality.
It is the alignment of these dipoles in the electric field that was con-
sidered by Debye.

The potential of a dipole oriented with the axis of an electric field

is:
U = -yF (19)
If the dipole makes an angle & with the field direction this becomes
= «=MF cos © (20)

Using Boltznands distribution function we may write, for the number

U/ df) where A is a

of dipoles in a certain solid angle d22, A €
constant dependent on the number of dipoles present. Thus we obtain for

the average moment per molecule:




oy .,. La("p/m)coseucose dn

f Aol HF/ kr)°°% dn

(21)

After integration this equation yields a Langenvin (13) function which

may be expanded to yield:

n = AT (22)

3kT

for small values of A F/KT, which is invariably the case under normal
circumstances.

Recalling equation (10) we are now able to write for equation (22)
the average moment due to induced polarization and that due to the per-

manent dipole moment of a molecule:

2
h = M =
B o=« F *37;1 ( + Bék,r-)p (23)
setting
A = oL + ,‘_‘__2_ (210)
(o] BI(T

We may write for (17):

¥ _po AnNeo LmM u2 (25)
Cl —pe Apise AR (Y 5

where (25) is the Clausius-Mosotti-Debye equation. This equation has been
verified (8) by a number of workers and is now well established for the gas

phase, and dilute solutions (7). It does however suffer from a serious
limitation. If for a moment we ignore non-dipole polarization we may

write equation (25) as:

€-l = ApMA (26)




8
LN [(2
T = (@)
whence
€ -1 Tc
R - T (28)

If T  is equal to T the right hand side of equation (28) must became
unity and the dielectric constant must increase without bound.* For
water equation (27) yields a Tc of 1,1h0°K and since the predicted effect
does not occur equation (25) must be incorrect.

So far it has been shown that the dielectric constant is due to two
effects; induced polarization due to the mobility in an applied field of
the charged particles of which molecules are cbmposed and the alignment
with the field of molecules having a permanent dipole associated with them.
It is proposed that our attention should next be directed to some refine-
ments of equation (25) in order to learn what further evidence of the

structure of matter might be obtained from the dielectric constant.

D. Inner Field: The tions of Onsager Kirkwood

It was Onsager (14) who proposed that the failure of equation (25)
was due to an over-estimation of the field strength within the cavity
containing the reference dipole. A qualitative description of Onsager's
approach is now given. The reader cannot do better than to refer to

Bottcher's (15a) detailed description for further information. Consider

Figure 2:

# The substance becomes a ferroelectric with spontaneous alignment of
dipoles.




Figure 2
If there is no dipole at the center of the cavity illustrated the field

within the cavity will be the Lorentz field as discussed by Mosotti and
Debye. The introduction of a dipole to the cavity has the following
effects:

(a) The field of the dipole induces further polarization on the
surface of the dielectric sphere.

(b) The field acting on the dipole enhances the dipole moment of
the polar molecule.

(c) The field of the dipole opposes the external field.

The result of (a) and (b) (which reach an equilibrium value rather
than continuing indefinitely) is to increase the strength of the dipole.
It should be noted that the increased polarization at the cavity surface

is due to the dipole and hence has no effect on the aligmnment of the
dipole, as does the external field. The effect of (c¢) is to reduce the
field strength within the cavity; in fact the net effect of (a), (b) and
(¢) is to reduce the cavity field. It is this reduction of field strength
which leads to elimination of the catastrophic increase in the dielectric

constant observed in the Debye equation. Onsager's equation may now be

written:
_ 9K M (2 € 42) [ (e _(ﬁ_-_l_)] (29)
M= B (€72) (o 2)
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where n is the index of refraction measured with sodium D light.*

Fig. 3 (16a) shows the agreement of Onsager's equation

[-X-]
o
o
=
-
=

Permittivity (s as a function of s (molecules
cm), s (dipols moment) and I’K(IMR.HCdo).P:ﬁ(monuuz
ydroaylio liquids. |

with experiment together with the failure of the Clausius-Mosotti=Debye
relationship. It is important to note the high and scattered results
for hydrogen-bonded compounds. This observation leads to the next im=-
provement in our picture of dielectrics, the Kirkwood (17) equation.
The fault Kirkwood sought to correct may be best appreciated if we

consider the envirorment immediately surrounding our reference dipole.

In the Clausius-Mosotti development the reference molecule was in a

cavity large compared to the molecule but small compared to the volume

of dielectric. Onsager considered the cavity to be of molecular dimensions
but considered the material surrounding the molecule to be homogeneous.
Kirkwood has restored the molecularity of the system by considering

discrete nearcst-neighbor interactions between the reference dipoles and

# Strictly the index of refraction at infinite frequency but sodium D
light is used by most authors.



II

its neighbors. Kirkwood's re'sult is:

ty

2 . 9Tl [(e.:zuzsﬂ)- pt
gkt LNd 9¢ n; ol] (30)

The principal difference between this equation and that of Onsager is the
term g, the so-called g-factor. It is included in order to account for

the alteration of the dipole moment of the molecule under consideration

as a result of interaction with its nearest neighbours. We have

ME = gu? (31)

where AL i8 the regular dipole moment and i is the altered one. Kirkwood

writes:
g=1l+zcosd = (32)

where z is the number of nearest neighbours and

costb = fcos‘s e'w/ kT de (33)

Here $ 1is the angle between neighboring dipole pairs, W is the hindering
potential preventing dipole orientation with the applied field, the in-
vegral of 8 /T being normalized to unity. In the case of liquids z is
related to the radial distribution function. If solids are considered
the integral in equation (33) is replaced by a sum over specific angles
and potential barriers. With solids z can be determined, at least in
principle, from X-ray data. Thus, theoretically at least, g and hence €
can be determined. It is more usual however to estimate g by insertion
of measured values into equation (30). Typical results are shown in

tables (18) I and II.
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TABLE I. Dielectric constants of the
normal alcohols at 20°C.

g(obs.) g(calc.) €(obs.) €(calc.)

Methyl alcohol 2.9, 2.57 32.8 29.2
Ethyl alcohol 3.04 2,57 2.6 21.3
n <Propyl alcohol 3.07 2.57 19,5 17.3
n =Butyl alcohol 3.2 2.57 18.0 14.6
n -Amyl alcohol 3.43 2.57 15.8 12.8

TABLE II. Correlation parameters of several
polar liquids.

1 (°c) M .101'8 € (ob- g (ob-
(Debye ) served) served)

ydrogen cyanide 20 2.80 116 4.1
Hydrogen fluoride 0 (1.8) 83.6 3.1
Hydrogen peroxide 0 2.13 91 2.8
Ammonia 15 1.48 17.8 1.3
Ethyl ether 20 1.15 L.y 1.7
Acetone 20 2.85 21.5 1.1
Nitrobenzene 20 3.90 361 1.1
Ethyl bromide 20 1.80 9.4 1.1
Pyridine 20 2.20 12.5 0.9
Benzonitrile 20 ©3.90 25 2 0.8

Materials with g factors greater than one are often referred to as

associated, those with g = one are called normal liquids and will be

found to obey Onsager's equation. Examples of g factors less than one
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have been observed and this last effect has been ascribed to an antipar-
allel arrangement of dipoles (19a).

In summary we now have three equations for the dielectric constant
(25), (29) and (30). These constitute progressively better approxima-
tions of € . There are, of course, other equations mostly containing
empirical approximations of the inner field or allowing for molecular
geometry (anisotropy of ) but these do not lead to great improvement
and are not necessary to a basic theoretical understanding of dielectric

constant .

E. Relation Between the Dielectric Constant and the Index of Refraction.

Maxwell (20) first supplied the relationship between the dielectric

constant and the refractive index. Maxwell's equation is:
n® = Gb (34)

where b is the magnetic permeability of the medium. In cases where b

is close to one (for diamagnetic substances) we write:
n =€ (35)

It will be immediately obvious to the reader familiar with dielectric

measurements that this relation is often far fram true. Consider the
case of ethyl alcohol with nf,oo =1.36 and € = 24.6. The resolution of
this difference lies in a recognition of the fact that the dielectric
constant is a function of frequency of the electric field and before
equation (35) can be true the dielectric constant must be measured at
the same frequency as the index of refraction. The reason for this
difference may be readily appreciated if we consider the polarizability

as expressed in equations (17) and (25). From our development of
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Debye's equation it is obvious that we have added a term to the polar-
izability expressed by equation (17) Because of the need to account for
additional polarization as a result of alignment of permanent dipoles

in the system we may then write:

P

total = ¥

induced * Pdipole (36)

Now at the normal frequencies at which the index of refraction is
measured the electric field changes too rapidly for the dipoles to
follow and we observe a much lower dielectric constant. It is in fact
observed that the dielectric constant measured in the microwave region
is often (but not always) identical to the square of the index of re-
fraction measured by the sodium D line.

Let us digress briefly to consider the nature of equation (36) when
P dipole is zero. It was stated earlier in this work that induced polar-
jzation was due to the mobility of elementary charged particles making
up the atoms of a dielectric. We may thus write for equation (36) with

P dipole zero:

Pinduced = PE + PA (37)

where PE is the polarization due to mobility of electrons and PA is due
to motion of the positively charged nuclei. It is possible to separate
these terms in the following way. Tnsertion of equation (35) into equation
(17) yields:# (21,22)

2

;—‘-2?:-1; (—:—)= (r] (38)

# Note thic formula was derived independently and without reference to
a discussion such as that given above by Lorentz and Lorentz (see refer=-
ences).
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where R is the molar refraction. Since the index of refraction is often
measured at frequencies sufficiently high that atomic polarization does
not contribute appreciably it may be desirable to have an estimate of
both the electronic and atomic polarization. This is often obtained by
extrapolating the index of refraction to infinite wavelength with the
aid of the Cauchy* relationship:

n=ng +{;- (39)

where X\ is the wavelength at which the measurement is made, n the
observed index of refraction, n_ the index of refraction at infinite

wavelength and a is constant. Measurement of n at two different wave-

lengths thus allows calculation of n, from the relation:
2 2
Ay kg
Ne = 2 2 (ho)

N - zb
This result combined with equations (38) and (17) allows the evaluation
of the electronic and atomic polarization from index of refraction
measurements in the optical region. In practice use of equation (40)
is difficult allowing many errors in measurement to accumulate in PA which
is small at any rate. It has become common practice to assign PA arbitrarily
somewhere between 5 and 15 percent of the total induced polarization.

It has been mentioned that the dielectric constant at microwave
frequencies does not always agree well with nD2. There has been con-
siderable discussion as to the significance of this difference. Poley

(23) has reported significant differences* between the high frequency

# This approach is discussed in detail in Bottcher (15a), page 255.

#% These differences are supplied in Whalley's paper.
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dielectric constant and nD2. He has suggested that this is due to a high
frequency polar relaxation process. Smyth (24,) later studied the same
substances examined by Poley and found much better agreement between the
two values. Such controversy regarding the value of the high frequency
dielectric constant is common and illustrates the experimental difficulties
invelved. However Whalley (25) points out that in the particularly well
documented# case of water nDz % 1.78, high frequency dielectric constant

% 5.5 the discrepancy is due to the contribution of vibrating dipoles
which at high frequencies will still contribute to the dielectric constant

as the vibrations allow the dipoles to contribute to the polarization.

F. Dielectric Dispersion - The Debye Formulation

It has been repeatedly stated in this work that the dielectric con-
stant often varies with the frequency of the applied electric field used to
measure it. The term dispersion is applied to the change in any physical
property with the frequency of the force applied to measure it. Such
dispersion is due to the relaxation time of the material where the re-
laxation time is said to be due to the delayed response of the system
to an applied force. In the present case a force, in the form of an
electric field, will be applied to a dielectric and the time required
for the system to respond, in this case become polarized,** will be

studied.

#  Suitable references are suppiied in Whalley's paper.

#%  Strictly speaking, it is the time required for the polarization to
decay to within 1/e of its equilibrium value after the removal of the
polarizing field.
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A typical example of the variation of dielectric constant with

frequency (26) for a real system is shown in Figure 4.

0
—q
. \
ﬁi: Figure 4
o8
o8 ) el
& A\
) = -1 ) ;;;; t

Before beginning an examination in detail of dielectric dispersion
it will be necessary to define certain symbols and relationships. These
are: eo = gtatic dielectric constant i.e. the dielectric constant of
the sample in a constant field.

€= high frequency dielectric conétant i.e. the dielectric con-
stant in a field oscillating sufficiently rapidly that orientational

polarization does not occur.

€ * = the complex dielectric constant. This term is introduced in
analogy to the real and imaginary parts of an oscillating electric field.

It is defined such that:
€H= ev_ien (1)

¢' is the measured dielectric constant and €" (the imaginary part) is

a measure of the energy loss in the sample as a result of the relaxation

process.
We shall now begin a consideration of Debye's (12b) formulation of

relaxation in dielectrics. Kauzmana(26) has shown:

dP(t)/dt = hnkP(y) = K, Pry) (42)
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where P(t) is polarization at time t and ko is the rate at which dipoles
Jump from one orientation to another. This leads to a simple exponential
function for the rate of decay of polarization after the removal of the
field:

% t

P(t) =P e 0 (43)

where P° is the initial polarization. The relaxation time g is then
defined as the time required for the polarization to fall to 1/e of its

initial value, hence:

t= 1/ko (44)

Kauzmann develops equation (42) further to yield:

2 NoM?
/o = 4 (kw?)  (p- o) (45)

or
L - 3 (kw?) (Pog, F) (46)

where o, is polarizability due to dipole orientation and < k‘\Qz } av

dt is the mean square angle moved in an interval of time dt defined by
<k =ju %, (W )a (u7)

At this point I beg the reader's indulgence. I wish to digress to
show where Kauzmann and Debye part company, S$ince the result of their
difference of opinion leads to an interprotation of T to which I shall
have occasion to refer later.

Kauzmann has considered k to be a measure of the frequency with which

molecular jumps to new orientations occur. Debye assumed k was a measure
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of the probability of finding the molecule in a new orientation after a

set time interval. Under this latter condition Einstein (27) has shown:
2 2 _
ﬁm%wmn'ﬁw7“-mﬁ (48)

where (m2> av is the mean square deviation of angle per unit time and
jr is the average coefficient of frictional resistance opposing angular
rotation. The torque which then leads to an angular velocity of d© /dt

thus is:
T =¥ de/at (49)

Let us now consider the dipole to be a sphere of radius a immersed

in a hamogeneous medium of viscoait.y‘ll. Stokes' law now yields:
- Bng & (50)
7"7 a 50

Substitution in (46) yields

=g P, F) (51)
where
T =iy & /kT (52)

Further reference will be made to equation (52),
Let us now end the present digression and return essentially to
equation (46) and write, for the decay of polarization due to dipole

orientation after removal of the field:

dP -
= = =k (B, Ny F) (53)
Now, using the lorentz field we write:

F= b (€=, (54)
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so that

dpP _ 2 !
'3?‘ = -k (%)P" = kg T (55)

where ko'-l is often referred to as the macroscopic relaxation time ’

T, which obviously differs from the molecular relaxation rate ko'l.
Since the exact difference depends on the form of the inner field which
is used and the difference is usually small (28) the latter value for ¥
will be used without further comment in this paper. Now, in the mnterest

of brevity we write

@ far =t [t = 0o (522 £] (56)

where E = R[EoeM]and B, = R[POJMJQM is periodic with the same

frequency as E, further

= o“& €o +2
Po’l‘ Poﬂ + Poel - H tw? (=) E
+ oy (B + !*-371"- P o) (57)

Knowing L P o = (€ --l)l‘.‘.o and employing equation (41) we obtain the

Debye dispersion relations:
€ 0-€w

/
G-Ec',: = l_+(;-¢-52 (58)
e = (E°'€‘@2 we (59)

A simpler derivation of (58) and (59) may be found in Davies (163.
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G. Discussion of Debye Formulation = Some Additional Equations:

In older literature particularly it was conventional to display dielectric
dispersion data by plotting either ¢! and/or €" against frequency.

This procedure together with the Debye representation has already been
shown in Figure 4. A more convenient method has been suggested by Cole
and Cole (29), not surprisingly this approach has became known as a Cole-
Cole plot. It consists of plotting €" against €'. It may be seen

by eliminating wt from (58) and (59) to obtain:

+ -
(e - ~2F + (e = (E&5 (60)

Now note that (60) is the equation of a circle with displaced center,
i.e. of the form:
(x-.a)2 + y2 = R2 (61)

vhere

One further point remains to be examined before continuing with a
discussion of the form of the dispersion. That is an expression of T,
the relaxation time in terms of the frequency at which the dielectric
absorption is a maximum. From equation (59) we have:

ger _[(€o7€y [1 .2.;,%2] (63)

dew 1+ (we)< 14 witt
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Setting the second bracket equal to zero we have at once:

w =14 " (63)

c o

This allows a determination of the relaxation time from a knowledge of
the frequency dependence of € ".

Really excellent agreement with experiment has been achieved in a
number of cases (30). There are, however, mumerous exceptions = as
might well be expected since the facile analysis employed by Debye can
hardly be expected to apply to a large number of real systems.

Figure 5 (29) shows Cole-Cole plots for a number of systems which

do not conform to equations (58) and (59):
(U 2] LIty
om0
- -

. F16.5 Complex dielectric constants of liquids.
For these systems Cole and Cole (29) have supplied an empirical equation,

which is modification of that given by Debye. It is:

(eri€)-€, = (€ ,- €/ 1+(1d)'*] (64)

# The subscript used with® i.e.T is introduced here because the
deviations from Debye behavior are ghought to be due to a distribution of
relaxation times about a critical value 1‘0.
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Separation of real and imaginary parts of equation (64) ylelds:

€-€u = (€o-a)[14(wt) "0 (hem]
14 A (W) e (Va dm) + (w‘l‘,)"‘u")

% (- €a) [ /- ﬁ%:)?ﬁg&/z«»)] )

€": (6.-€x) (“’bo)l-‘ cot ( 1ok 1)
[+ (o5 Y% ain (i an)+ (ot 6

Va (€ ‘eo) Jy dn‘l
wke?:f«)x +“:A:(Vaam) (e0)

where x = in (wl; ). @ is a number between O and 1, the former value
reducing the expression to the original Debye formulation. As shown in
Figure 5 this representation results in a symmetric arc representation

of the dispersion with a /2 being the angle between the € ' axis and

the radius of the circle forming the symmetric arc, drawn 1 to the tangent
of the curve at ¢" = 0. The parameter a can best be described as an
index of the amount by which the observed dispersion differs from "ideal"
Debye representation.

The value of the Cole symmetric arc lies in its ability to reproduce
the data found for a great many liquid and solid systems. As a successful
empirical relationship it serves as something of a marker allowing
theoreticians to seek, fram a molecular or other model to generate an
equation of the same form thus giving physical meaning to the observed
parameters. The extent to which this has been done for the symmetric

arc and for the following types of empirical relationships will be dis=-




cursed along with the dispersion results observed in this work.

The third type of frequertly observed dispersion is the Cole-Davidson
(31) skewed-arc shown in Figure 6 (32).

]
_ 6
——’\\’
)
A A 1 A | PR | "
o! 4 ) .C' 0 - )

Figure 6. Tetrahydrofurfuryl alcohol at ~105.9°C. Skewed-arc locus is
drawn for B = 0.592. Mumbers beside points are frequencies in kc/sec.

Reference shall be made to this formulation as the Davidson formulation

or the skewed-arc.

Once again the equation used in an empirical one. Its form is:
(€-€)-En= (€ -6/ +ivD ) (67)
o °
Separation of real and imaginary parts yields:

%—’—'—'—gm = (cos¢)B cos Bf (68)
0 = W

£ = (cos ¢)B sin Bﬁ (69)
€ -€o

o]

% We now have two empirical functions. They shall be referred to in the
follcwing ways:

Cole-Cole = Symmetric arc = Cole

Cole-Davidson = Skewed arc = Davidson
This being done in the interest of variety and/or brevity. It is believed
that no confusion should arise.
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Skewed-arc loci on the complex dielectric constant plane. Arrows indicate

frequencies at which € n4.broken lines the radii of circular arcs which
coincide with the loci at low frequencies.
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Aggregate plot for 2-methyl-2,4-pentanediol at temperatures
between =45 and =79 C and frequencies of I, 10, 30, and 100 ke/sec.

Locus is drawn with B = 0.525.

Figure 7
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where¢ = tan-lq.ovo and B is a parameter such that 3 €1, Whenp =1
equation (67), once again, reduces to Debye's result. Figure 7 shows
the effect of varying B and illustrates th: geometric interprctation of
p (1r/2) as the angle between the linear high frequency portion of the
function and the ¢! axis.

Finally let us consider the type of relaxation behavior evidenced

by Figure 8 (33).

N
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0. 8 Schematic dielectric constant Jocus for
overlapping dispersions.

This type of so-called multiple dispersion is considered to be, as
shown, the sum of several independent dispersions. Figure 9 (33) shows

resolution of such dispersion inn-propanol.

)

~
~
€ o
- 1ho. Y High frequency portions of complex dielectric constant
loci for s-propanol at =132° and =151°, Circles are measured
values, crusses are values obtained by subtraction of contribwiions

from the low frequency dispersion. Indicated frequencics ave
| i Py e
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This behavior seems to occur most frequently in glasses, solids and solu-
tions of two different rotating species. Detailed discussion will be

reserved for that accompanying our own results.

H. Rate Theory of Dielectric Relaxation.

The so-called Absolute Rate Theory of Eyring (34) has been applied
to dielectric relaxation (26,35). Reference should now be made to Figure
10 which may be regarded as the energy of a dipole in an electric field
as a function of its position. Here it is considered that the dipole may

be aligned either with the field or against it and that there is some
which
energy barrier which must be overcome by the moleculaxtequires a consid-

erable amount of energy to surmount this barrier.

Activated
Complex

Against Fleld
Jith Tleld

mnergy

Reaction iath
Figure I0

Now a molecule, having reached the top of the energy barrier between the
two stable positions may be said to be an mactivated complex" similar to
that described by Eyring. Now we may write, for the number of molecules

crossing the barrier in unit time,
# of molecules = jNtz (70)

where N# is the number of activated complexes present, z is the rate
at which the activated complex decays in the desired direction, j is the
transmission coefficient measuring the number of complexes which, having

started to decay in the right direction,get turned around and return to the
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initial position.

If we now calculate the number of activated complexes present by
assuming thermodynamic equilibrium between the activated complex and
reactants#* we may proceed by assuning that this equilibrium may be re-
presented by the ratio of the partition function of the activated com=-

plex to that of the reactant molecules. Thus:#t |

/
Equilibrium constant = F_ /T F (71)
i

Now let us abstract from F; the translational degree of freedam
corresponding to motion of the activated molecule into the Yoroduct" state

(i.e. aligmment with the field) we thus have:
I o p¥ (aptir)?
P, =F (an'k1)* ¢ (72)

where m¥* = inertial mass moving along the reaction coordinate and 1 is
the linear dimension of this coordinate.
Now, the mean velocity along the reaction coordinate in the desired

direction is

V= (k’l‘/21m*)§ (73)

and thus we find for z of equation (70)

v kT -1
z=§=m¢ 1 (74)

Combining the last five equations we now write for the reaction rate ko:
+

F
kT
k, =3 () (-—Fi:-) (75)

# By reactant we mean dipoles not aligned with the field.
#t Nt will be N (# of reactant molecules), times equilibrium const.
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where Fo = T{ Fi

+
Now iq is itself an equilibrium constant. From thermodynamics we write:
F
0 t .
°
&' /R st /R
-5 (77)

whereAG',AS‘ and‘l'fare, respectively, the molar free energy, entropy and
enthalpy required to enter the transition state. The reaction rate may now

be written:

k=38 -4qke (78)
- B AR, o /i (79)

Since l/ko = Q, the relmiion time, much of the above thermodynamic data is
obtainable from knowledge of T . Consider (assuming j = 1)

-3 A, st (0)
Whence
3
1ty 240 1or + (1n B A2 (1)

It may be seen thatbﬂtmay be obtained from (81) by plotting InTivs 1/T
but sufficiently accurate results have so far been achieved with plots of
Lntys 1/T. (26 )

This type of analysis will be discussed further in the light of the

results of the present work.

#* In this work a plot of In TE vs 1/T will be used.




CHAPTER II
EXPERIMENTAL

A. Introduction

The prime object of this investigation has been examination of the
dielectric relaxation process in the mutual solid solutions of penta-
methylene sulfide and pentamethylene oxide. It was immediately obvious
that certain physical information about the system would prove useful and
not all of this information was available in the literature. The ex-
perimental section of this paper thus contains a description of all pro-
cedures used to obtain the required physical properties of this system,
together with a detailed outline of the methods used to study the di-

electric constant.

B. Materials
The perntamethylene sulfide used was supplied by the Aldrich Chemical

Company Inc. It was certified reagent grade and was reported by the
supplier to have nD26 = 1.5050. This material was purified by distillation
through a twelve inch Vigreaux column from calcium hydride, the portion
boiling between lhl-lh2°C being retained, & literature value of U1.75°C
having been reported (36). After this procedure the index of refraction
was found to be an - 1.5047. This agreed well with the quoted value

and that of Lydia Reinisch (37) who reported n'® = 1.5046. Gas chron-

atography showed the compound to be free of volatile impurities. The

30
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sample was stored in sealed flasks covered with aluminum foil in a vacuum
desiccator partially filled with silica gel. The pentamethylene oxide was
supplied by K and K Laboratories of Plainsview, New York and was reported
by the supplier to have nD20 e 1.4200. This compound was purified in the
same manner as that used for pentamethylene sufide and was stored in the
same way. The product was found to have nD25 = 1.4176 which compared
favorably with reported values in the literature, i.e., nD21 = 1.4211 (38),
n = 1.4157 (39) and > = 1.4159 (4k0). The additional literature
values were sought because the product was found to boil at 87°C, the
fraction between 87 and 88°c being collected. This was in good agreement
with Allen and Hibbert (38) but contrasted with a second literature value
(41) of 81-82. It seems reasonable to conclude that the latter is in error.
During the course of this work it became necessary to recover pure
starting materials from solution. The wide separation of boiling points
allowed this to be done using the distillation apparatus described. The
purity of the products was insured by the same physical tests already
outlined. In a final test a Beckman Infrared Spectrometer was used to
obtain spectra of both the starting materials and recovered products. In

all cases the spectra were found to be indistinguishable.

C. Density Measurements

The density of pentamethylene sulfide and pentamethylene oxide to-
gether with that of a series of their mutual solutions was determined in
the liquid state.

The density measurements were carried out using a double stem pycno-
meter calibrated with thrice distilled water.

The temperature of the sample was obtained by immersion in a water




bath maintained at the desired temperature by a Sargent Thermoniter.
Readings of sample volume were taken starting one hour after the pycno-
meter was placed in the water bath and were continued at ten minute
intervals till a constant value was obtained.

These results are recorded and discussed in Chapter III Section B.

D. Index of Refraction

The index of refraction of the pure components and a series of their
solutions was determined using an Abbe-3L Refractometer supplied by
Bausch and Lomb, thermostated at 25°C. Results are recorded and dis-

cussed in Chapter III Section C.

E. Measurement of Dipole Mcment

The dipole moments of both pentamethylene sulfide and pentamethylene
oxide were measured using a WIW DMOI Dipole Meter with carbon tetra-
chloride as solvent, employing the Cuggenheim-Smith equation (42,43).

The carbon tetrachloride was purified in the same manner as the
pentamethylene oxide.

The results are recorded and discussed in Chapter III, Section D.

F. Differential Thermal Analysis

Differential thermal analysis was carried out on pure pentamethylene
sulfide and pentamethylene oxide together with a series of their mutual
solutions at ten mole percent intervals.

The solutions of appropriate c.:oncentrat.ions were prepared using the
densities of the pure camponents to ascertain the required volumes of
pure material which were then mixed using a syringe accurate to within

00001 ml.

it
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This analysis was carried out using an array of copperconstantan
thermocouples which permitted the measurement of both the temperature
of the sample and that of a naphthalene reference. The output of the
thermocouples was recorded as a continuous function of time on a two-
pen recorder.

The sample and its naphthalene reference were located in separate
glass tubes inserted in symmetrically drilled holes in an aluminum con-
trol block. The entire assembly was then placed in a fifteen liter
stainless steel Dewar where heating and cooling took place. The as-
sembly is shown in Figure Iland is similar to that used by McMillan
and Los (L4).

Cooling of the assembly was initiated by the addition of liquid
nitrogen to the Dewar containing the aluminum block; heating by allowing
the liquid nitrogen to evaporate overnight. The average cooling rate
was 2°C per minute while heating took place at 0.5°C per minute. Since
the heating results were more consistent and reproducible than the
cooling results which were camplicated by supercocling the former are
regarded as being closer to equilibrium values and are quoted exclusively.

Transitions in the solid state of the compounds under study often
involve changes in the molecules orientation relative to its neighbors.
It was feared that dissolved gas molecules might lubricate the lattice
(45 ) and alter the transition temperature observed. To avoid this dif-
ficulty selected samples were condensed into the measuring cell and
sealed under vacuum. Since no changes in the transitions were observed
the practice was discontinued.

The sealing technique used is clearly illustrated in Figure 12. It

proved useful for the reasons just outlined and because it allowed the
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identification of a mysterious and persistent peak at -186°c which became
very strong after prolonged cooling. This was absent in the sealed
samples and was thus readily identifiable as the boiling point of liquid
oxygen vhich had condensed into the sample tube. In a final run de-
generation of the rubber o-rings apparently allowed condensation of oxygen
to take place and further condensation of water allowed ice to seal the
tube. During heating the sample tube exploded with considerable violence.
This incident showed the need for caution in the simplest of laboratory
practices.

This superficially simple analysis was beset by difficulties. The
most important question was; whether or not equilibrium had been reached
in the crystal. It was thought that programmed heating would improve
the results but the necessity of measuring the difference between the
temperature of the sample and that of & reference as the result of a
thermal event required that heating or cooling be sufficiently rapid to
allow a temperature difference to develop. To minimize the equilibrium
problem, the sample was first cooled to liquid nitrogen temperature,
heated to just below its melting point then cooled again and main-
tained at -196°C for at least two hours before the heating run took place.
This annealing plus the apparently optimal heating rate was used to
minimize errors and should yield adequate results, particularly at high
temperatures. The results are outlined and discussed in Chapter III

Section E.

G. Themodynamic Studies

Thermodynamic studies of this system consisted of measurements of
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the enthalpy changes occuring in the pure components and in solution during
temperature changes. These measurements were obtained by the use of a
Perkin-Elmer Differential Scanning Calorimeter-1B. This instrument is
constructed in such a manner that the sample and a reference are main-
tained at the same temperature during programmed heating and cooling.
Any thermal event in the sample appears as an increment in the amount of
power required to maintain the sample at the same temperature as that of
the reference. A signal proportional to the differential power is trans-
mitted to a recorder pen. The integral of the resulting peak is thus
proportional to the corresponding enthalpy change in the sample.
Unfortunately the instrument was designed primarily for operation
at temperatures greater than 25°C and it is only with the greatest dif-
ficulty that it can be induced to operate at lower temperatures. After
calibration of the instrument with suitable standard materials, in this
case benzene, carbon tetrachloride and pentamethylene sulfide* and cyclo=-
hexane it was found that useful thermodynamic data could be obtained down
to about -100°C. |
The data obtained from this section are reported and discussed in

Chapter III Section F.

H. Dielectric Constant Measurements of Liguid at 30°C.

The dielectric constantsof the pure liquids were measured, together
with a series of their solutions,
The cell used i shown in Figure 13 and consists of a glass envelope

containing a series of metal concentric cylinder capacitors. The array

* This compound was used for camparison with the data available on it
in McCollough's (36) very complete paper dealing with it.
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was found to have a cell constant of 9.3 and is unique in that it was the

only dielectric cell used in this work which was two-terminal, accordingly
the leads were co-axial with outer sheath grounded and were taped in place ]
through the entire series of runs. The cell was immersed in an oil bath, %
thermostated to within & .01° C of the desired termperatures. Measurements ;
were made only after the cell had been in situ for twelve hours. !

Results are recorded and discussed in Chapter III Section G.

1. Measurement of Dielectric Constant

The prime purpose of this investigation was to obtain meaningful
data of the dielectric constant of the system under investigation. Measure-
ment of the dielectric constant of solid systems has always been difficult. ,
The basic problems encountered were: Zi

(a) Sample geometry. The avoidance of the formation of cracks and
voids (46,47) within the sample and separation of the sample from the walls

of the vessel as a result of thermal expansion and contraction.

(b) Temperature control over long periods required for measurement.

(¢) Insurance that equilibrium has been attained in the crystal (48).

These are the only sources of difficulty listed since they are peculiar
to this system. Routine sources of error in capacitance measurement such
as the elimination of lead capacitances were dealt with using standard

methods.
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I 1) Continuous Recording Method
The cell used is shown in Figure 14, It was a fully guarded, parallel

disc type with a measured cell constant of 0.51. This cell was insulated
with one half inch of polystyrene foam and connected to a General Radio
type 1605-4 impedance camparator so that the voltage appearing across the
impedance difference detector as a result of bridge imbalance could be re-
corded on a double pen recorder which was also used to record sample
temperature.

The value of the dielectric constant was then determined at some con-
venient temperature by placing a standard varisble capacitor in parallel
with the cell. Capacitance as a function of temperature was then deter-
mined by using the standard capacitor to produt':e the same degree of im-
balance as that observed in the system at any given temperature.

Cooling of the cell was effected by adding liquid nitrogen to a
Dewar flask containing the insulated cell, heating by allowing the liquid
N2 to evaporate. Both heating and cooling rates were approximately one
degree per minute.

Before results were obtained the sample was first cooled to liquid
nitrogen temperature, then heated to within 5°C of its melting point. A
measuring run was then taken. The cycling process was the only con-
cession made to equilibrium in the system. The results and their value

are discussed in Chapter III Section H.
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1 11) Dielectric Apalysis, Co-Axial Cvlindar Coll |

The cell used is shown in Figure 152 It had a measured cell constant

of 1.65. The coaxial cylinder electrode arrangement is similar to that
used by Davidson and Cole (31). The cell was filled and introduced into

a copper tube wound with heater wire, this assembly being placed in the
center of a metal can containing polyurethan foam insulation. The entire
assembly was then placed in a stainless steel Dewar and cooled to liquid
nitrogen temperature. It was next warmed to just below the melting point
of the sample and was then re-cooled to liquid nitrogen temperature.
Temperature was controlled by a heater wire wrapped around the cell; the
power input to the heating was regulated by the thermocouple voltage.

This cycling was employed to anneal the sample and thus eliminate cracks
and voids within it (46,47). Finally measurements of the dielectric constant
were made at 100 Hz, 1lkHz, 10kHz and 100 kiz at temperature intervals suit-
able for determining the points of phase transition and the dielectric
constant in any phase.

Measurements were made on either the General Radio, Capacitance

Measuring Assembly Type 1610-A or Type 1615-4, the latter of which is a

transformer ratio-arm capacitance bridge. The results are considered in

Chapter III Section I.
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1 1IT) Fipal Dielectric Measurements, The Spring Load System
The difficulties involved in the measurement of dielectric constants

of solids have alread& been outlined. This final approach employs a re-
fined cell, together with an improved temperature control system.

The new cell shown in Figure 19¥is a three temminal, fully guarded
co-axdal cylinder arrangement with the added refinemernt that a modest,
constant pressure was applied to the sample at all times by a simple
piston arrangement. This pressure was estimated to be 12 atmospheres.

It was hoped that this arrangement would insure that the sample completely
filled the space between the electrodes and that formation of cracks
within the sample was minimal or eliminated. The success of ths arrange-
ment has been demonstrated in this laboratory (49).

Temperature control was refined. The cell was fitted into a metal

tube which was itself insulated from its surroundings by one inch of
urethane foam. This metal tube thus served as a heat shield. A thermo~-
couple was then used to sense the shield tunperaturé, this temperature being
maintained by a heater wire wound around the outside of the metal tube.
The desired shield temperature was set by a Philips recorder which switched
the heaters on and off according to whether the shield temperature was too
high or too low. Selection of an optimal voltage input to the heater coils
kept the shield temperature fluctuation to within * 0.5°C. A second thermo-
couple in more intimate comtact with the sample registered a change of less
than .01°C during any given measurement.

The treatment of the sample was also improved. After the usual cycling

procedure the cell was allowed to warm slowly to the desired temperature and

was maintained there until no appreciable drift in the capacitance was
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observed. This procedure took between one and eight hours.
Results are discussed in Chapter III Section K.




CHAPTER I1I

RESULTS AND DISCUSSION

A. Introduction
The compounds of chief interest in this work are pentamethyl-
ene sulfide, also called thiacyclohexane, having the molecular formula
CS"IOS*; and pentamethylene oxide, also called tetrahydropyran, having
the molecular formula CSBIOO. Figure 16 shows the structure of the
two compounds which shall be referred tp as PMS and PMO respectively.
It was found convenient in the experimental portion of this work
to describe each procedure separately. This format will be extended
to the discussion of the results. In an effort to insure unity a
final chapter will be devoted to conclusions. It is felt, however,

that the sequence of results presented here is logical and will lend

itself to easy reading.

0
5 "
CH.,CH,CH, CH, CH, CH,.CH, CH, CH,CH,
PMS PHO
FIC. 16+

*A third name was found in the literature for this compound. It is
tetrahydrothiapyran.

**Both have been found to exist in the chair form (36,53).
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B. Liquid Densities
Figures 17-19 show plots of the densities of pure PMO, PMS and

their mutual solutions as a function of temperature.
The agreement with existing literature values for the pure com-
ponents appears to be goéd although there is some scatter of literature

results. These results are tabulated for easy comparison.

TABLE 1IIl

Compound Density Temperature Reference
PMO .8744 30°C (40)
PMO .8742 30°c (39)
PMO .8735 30°cC this work
PMO .8693 3s*c (39)
PMO 8686 35°C (50)
PMO .8682 35°cC this work
PMO .8840 20°C (41)
PMO .8839 20°¢ this work
PMS .9849 20°C (41)
PMS .9857 20°C this work

Finally, Figure 20 shows a plot of density vs. mole fraction for
the system at 20°C. The plot may be seen to be linear and hence in-
dicates no significant interaction between the components of the solution.

This indicated that the components would probably form a continuous
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series of solid solutions suitable for study in this work.

Further support for this conclusion was found in the value of o

defined such that:

1l ,dv
X =5 @

This was found to be independent of concentration having the value:

K = (9.5+0.5) x 107 ¢

C. Index of Refraction

The recorded {ndices of refraction are shown in Table IV

TABLE IV
X PMO XPMS n, T=25°C
100 0 1.4176
90.7 9.3 1.4270
80.05 19.05 1.4366
11.27 28.73 1.4443
61.46 38.54 1.4559
51.54 48.47 1.4633
41.47 - 58.53 1.4711
31.30 68.70 1.4784
20.99 79.01 1.4871
10.56 89.44 1.4939

0 100 1.5047
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The results are linear in concentration, as might be expected
since only strong ionic fields seem to be capable of changing indiv-
idual refractive indices in solution. Though this linear behaviour
is common (51) it might be regarded as further proof that we are
dealing with an almost ideal solution. It is perhaps interesting to
note that in the reference quoted this behaviour is used as an argu-
ment against the participation of électrona in a hydrogen bond since
this effect was observed in alcohols. That is to say the refractive

indices of alcohol solutions were linear in concentracion.

D. Dipole Moment Measurements

If an electrically neutral assembly of charges 1s examined and
it is found that the centers of charge for positive and negative
charges do not coincide it is often convenient to define the dipole

moment of the assembly such that
M= ed (1)

vhere 4 1s the electric dipole, e is the magnitude of the charge at
one of the charge centers and d is the distance between them.

The fact that many molecules behave as if they had permanent
dipole moments is due to four basic factors:

(a) The assymetry of charge in the bonding electrons arising

from the electronegativity difference between the two atoms concerned.

(b) The homopolar dipole arising from the unequal size of the

orbitals of the two atoms bonded.




(c) The assymmetry of the atomic orbitals involved in the
bond arising from the hybrid character of these orbitals.

(d) The assymmetry of the orbitals of the lone-pair electrons
arising from hybridization.

The measurement of the dipole moment can be made in the vapor
phase using Debye's equation or with very great accuracy using micro-
wave techniques. The fact that not all compounds of interest can be
obtained in the vapor phase has led to the widespread use of dipole
moments obtained from solution data, the easiest technique being that
outlined in the experimental section of this work. The fact that
solution results do not agree with vapor data as well as might be
hoped is due to so-called solvent effects which might be anticipated
from the discussion of the inner field in the introduction. For a
fuller discussion of this effect the reader could do worse than refer
to reference (19b). Our work, carried out in carbon tetrachloride
solution is in excellent agreement with literature values tabulated

below in Table V.
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TABLE V

Compound A(D) Solvent Reference
PMO 1.64 CCll' this work
PMO 1.63 14q. 52(a)
PMO 1.55 benzene 52(a)
PMO 1.63 benzene 52(a)
PMO 1.89 benzene 52(a)
PMO 1.74 vapor 53
PMS 1.78 none quoted 52(b)
PMS 1.7 benzene 52(b)
PMS 1.81 CCIA this work

One tends to reject the value of 1.89 since it appears high,

particularly when compared with the value of 1.74 for the vapor. It

is gratifying to note for PMO:

Mour value 9%
Al vapor )

This agreement is as good as can be expected.

E. Differential Thermal Analysis

Before considering the results obtained in this work it is nec-
essary to examine the nature of the system we are investigating. In

1938 Timmermans (54) described a class of components having the




57

descriptive name "molecules globulaire"® He has elaborated this

work in a historical review of the subject made somewhat later,
referring to the solid state of these compounds as'plastic crystals"
(55). These solids are characterized in this paper by:

(a) A low entropy of fusion (i.e. less than 5 e.u.)

(b) A relatively high melting point (n-pentane, which is non-
globular, melts at -141°C while tetramethylmethane, which is globular,
melts at -16 °C).

(c) High vapor pressure of the high temperature solid phase.

(d) High plasticity of the high temperature solid phase; the
high temperature form of C2C16 will floq through a hole under a
pressure one-tenth of that required to make its low temperature form
flow through the same hole (55).

(e) The majority, if not all, of these compounds had a high

temperature phase which was a cubic lattice and hence these compounds

tend to form solid solutions on mixing.

Pauling (56) is credited with the first suggestion that certain
units in solid lattice may be capable of rotation or at least of rapidly
changing their orientation in a crystal lattice in such a manner that
they could be said to possess "orientational" disorder in the solid.
Workers were quick to seize on the suggestion that these solids may
have a certain degree of disorder and that this property might explain

the low entropy of fusion observed in plastic crystals. As an example

*
This means the electron envelope is more or less spherical.




let us consider cyclohexane (49), which exists in two solid phases,
the high temperature form of which exhibits plastic behaviour, the

low temperature form does not. We have

Astrans Asfmaion As’l‘ +ASF

Cyclohexane 8.59 2,24 10.83

Thus the suggestion that plastic behaviour is due to orientational
disorder appears to stand on firm ground. Further investigation showed
that plastic phases gave X-ray diffraction patterns which, while ade-
quate to define the crystal structure, were diffuse in nature, indi-
cating both orientational and some translational disorder in these
crystals.

Other physical properties supported this view. Line narrowing
of nuclear magnetic resonance absorption lines was observed in certain

crystals (57), & fact which is consistent with the view that the

molecular units forming the crystal lattice may have considerable
freedom to rotate about their center of gravity.
Dielectric measurements on polar, plastic crystals shows that

the dielectric constant does not drop rapidly on freezing as with

"normal" polar substances. See Figures 21 and 22 below (58).
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Further plastic phases often exhibit dielectric dispersion,

It may then be considered to be well established that certain
compounds possess orientational freedom in the solid state. This
implies at least some degree of translational freedom,also behaviour
such as that shown in Figure 23 (55) will help to illustrate the
differences between globular molecules and normal behaviour. Through-
out this work we shall refer to solids of this type (i.e. globular
molecules) as plastic solids and because the distinguishing character-
istic of such materials is the ability of the molecular units to achieve

different orientations in the lattice in their high temperature forms

ve shall refer to such phases as rotator” phises.
During the past few years a considerable amount of work has been

done on organic plastic systems. Several workers have constructed

phase diagrams of binary systems using varying combinations of the
properties mentioned (i.e. n.m.r., dielectric work), note for instance
references (%) and (60). With these facts in mind we shall now begin
a study of the differential thermal analysis of the present system.

TableVI below records the observed transition temperatures while

Figure 24 shows representative thermograms.

*The term is perhaps misleading since the molecules do not rotate
freely as in the gas phase but the term is widely used in the liter-
ature and is descriptive.




60

MGMkm(MMMMl«m
pentans (sen-globules).




a
4
300
0
HNO 0
% v
- 3 -
x —r
< e x
1 L
o Ty = i
o
- L
. M ) ] ;
[ 4 ¢ [] .
et (novan) g (novag) ;
¢ d
1300 300
! .
1 /
2
200 200
v
-~ T -~
X ~ .¥
id L
o ' (55
|
100 100
3 4 ] o t ) 3 [

Tsg (nounp)

Fipure 240 Thermopes Foes (20) o Ehdaeye oo anes
(L) (ot and () 107 Bliaeyelare (1) pue Ll rabhydees




62

TABLE VI

OBSERVED TRANSITI?NS IN PMO, PMS SYSTEMS (°K)

1 CS"IOO 0 10 20 30 40 S0 60 70 80 90 100

Melting points 292 277 266 257 248 242 234 228 223 220 219

cD 240 223 218 216 214
EF 198 203 203 202 199 190
GH 200 188 180 176
1J 150 148 150 146 150 148 147 150 157
KL 113 127 128 130 128 128
M 113 113
2 CSHIOS 100 90 80 70 60 SO 40 30 20 10 O

It is indeed most tempting to attempt to construct a phase
diagram from thessdata but it has been pointed out by Sherwood (48)
that the physical properties of organic solids often are not reproducible
ané:;ibject to differences depending on the heating rate and annealing
time. Thus the low temperature data must be regarded with suspicion.
Previous attempts at such work (references 59, 60) could be described
as speculative. A considerable amount of information may be gleaned,
however, from plotting the data of Table VIas done in Figure 25. This

latter plot and similar ones later constructed on the basis of dielectric

data will be coyly referred to as a temperature-composition diagram.
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For pure PMS two solid phases were found in agreement with
McCullough et al (36). These authors also reported a lambda-type
transition in their heat capacity data at 207°K. This was not ob-
gerved in the present work but it must be borne in mind that simple
analysis of this type could hardly be expected to show second order
transitions. PMO has been found in the present work to exist in only
two crystal modifications.

The line AB represents the melting points of the solutions. It
shows no appreciable separation of the liquidus and solidus curves
and no evidence of compound formation.

The line CD is a reproducible transition which persists strongly
as long as the solution is PMS rich. DE is a fanciful representation
of what might be the fate of this line as the PMO concentration is
increased.

FG follows the second transition in PMS. It is clear up to 802
PMS, after which it seems to vanish more or less gradually.

The line HI is drawn only to call attention to a series of
transitions, the nature of which is unclear, JK serves the same purpose.

MN is drawn between two strong, reproducible peaks of exothermic
nature observed on heating. Since such behaviour normally shows
transition from a metastable to a stable phase this may be regarded as
evidence that true equilibrium has not been attained below 150°K.

The solid portion of the diagram may now be roughly divided into
three regions labeled I, II and III. 1 is bounded by ABEC, II by CDGF
and 11T is the remaining solid portion of the diagram. The nature of

these regions will be further examined and elucidated in the work that

follows.
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F. Thermodynamic Studies

TableVII records the heats of fusion and transition, together
with the corresponding entropy changes, observed by the techniques
outlined, in this section. The salient features to be noted are:

(1) AH and AS are available for fusion throughout the entire
composition range.

(11) O H and AS for transition from the high temperature phase
to the next lowest phase is available only from 100-50% PMS and in
pure PMO. At intermediate values the transitions were difficult to
observe and the AH peaks finally obtained showed fine structure.

This appears to be due to the poor low temperature response of the
instrument and only those values regarded as being remotely accurate
are recorded.

(111) The second solid transition observed in PMS yields AH
and AS values only up to around 90% PMS. After this a peak is still
visible till about 70% but it is spread over a wide temperature region
and cannot be regarded as a source of accurate data. After 70Z the
transition is no longer visible.

Attention should first be directed to the fact that the entropies
of fusion are all about two, the lowest being 1.6l e.u. This is taken

as evidence that the solid formed is plastic in nature also,

As = 11.20

as trans II PMS

As

+
fusion PMS + trans 1 PMS
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and

as = 11.58

Asfusicm PMO + trans PMO

The clear implication is that the loss 6f positional and orient-
ational entropy between the liquid and the lowest temperature solid
phases of PMS and PMO is the same. This fact (together with the observ-
ation of low entropy of fusion and an intermediate solid phase) also
{ndicates that there is a region of the crystals which exhibits plastic
behaviour.

Fig. 26 shows a plot of the liquidus and solidus lines calculated
from relations due to Frigogine 82) assuming the activictgr:gfict t‘émc':)m-
ponentsaT® unity. [Although the calculated separation of the liquidus
and solidus lines is small, as expected, it is still significant and
agreement with experiment is poor, i.e. there is no observed separation
of 1iquidus and solidus lines]. Calculation of the activities is
possible, with the known experimental data, but the aim of this study
of the melting characteristics has now served its twofold purpose. It
has established:

(1) There is no evidence of eutectic behaviour.

(2) The first solid phase appears to be plastic in nature.

The study of the solid-solid transitions was less satisfying.
Using the present equipment the upper transition could be seen at all

concentrations (except around 80% PMO) but yielded reliable data only

in pure PMO and 50-100% PMS. Similarly the second transition originating
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in PMS was visible to 70X PMS and yielded useful data only at 100
and 90 PMS. These results were used to infer that in Figure 25

a region bounded roughly by the figure AFGB is suitable for detailed
dielectric study.

As a brief aside Seki (59) uses regular solution theory to write:

T
R‘l'o In x + \\v(l-x)2 = AR [1 - _'l‘—o_-_] (82)

where To is the transition temperature of component one when its
mole fraction, x, is unity. AH is the enthalpy of transition of pure x
and T is the transition temperature of the solution. Since w is re-
lated to the heat of mixing, it was hoped that a low w (Seki found
350 cal mole"1 for methyl iodide in carbon tetrachloride) would indicate
compatability of the two components of our system. Both solid lines
shown in Figure 26 are fitted with w = 900 cal mole-l but the shape of
the curve both for our work and Seki's proved to be so insensitive to

v that our attempts to explore this parameter were abandoned.

G. Dielectric Constant at Thirty Degrees Celsius

Reynolds (61) has made a survey of the major formulae for the di-

electric constant of l1iquid mintures and has found them all to be special

cases of the general relation:

(€-€) §if + (€-€) J'Zfz -0 (83)
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vhere € = dielectric constant of the mixture
(21 w dielectric constant of pure 1
552 = dielectric constant of pure 2
J} = vol. fraction of pure 1
¢f2 = vol. fraction of pure 2

fl - BI/E fzi BZ/E

1!{ ll j; j; t]
= =\EdV = B,dv, +), E.dV
v v v 1 171 9 272

Bt & &

and

ml

Here E is the internal field. Deviations from (83) occur when approxi-

mations must be made for the f's.

Fig. 27 shows the results of this experiment plotted against i

volume fraction. The startling linear result agrees almost exactly
with (83). This leads to the conclusion that the internal fields in PMS-
PMO and their mutual solutions are closely similar.

When Onsager's equation was applied to pure PMS the dipole moment
vas found to be 1.55 D, somewhat low. Kirkwood's equation however
yielded g = 1.2, Thus with Kirkwood g close to unity and the ratio of

Onsager's value to the solution value being about .81 we may conclude

that PMS is a "normal" liquid, i.e. one closely following Onsager's
equation. PMO treated similarly yields fL' 1.470, g = 1.1 and appears

also to behave as a normal liquid.

x
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The only conclusion to be reached here is that the two components

of our system appear to be compatible and should form the solid. solutions

observed. Hii

H. Continuous Recording Dielectric Constant !

Since the density and often the degree of orientational freedom

of the molecules in a substance undergo a discontinuous change during

SR O PR S v gt

a phase transition, dielectric constant measurements have been used to

examine phase changes. Several authors (4c) have used this technique i
to study solid-solid transitions. These measurements were made using |
a continuous recording method to determine whether or not the system
was in fact suitable for study via dielectric constant analysis.
The results are shown in Figures 28 to 32 at selected compositions
and the resulting temperature-composition diagram is shown in figure 33.
That these results are crude at this point cannot be disputed and
it would be unwise to attach undue significance to them. However, three
points do require attention, in order of importance they are:

(1) The temperature-composition diagram resulting from this

work substantially agrees with the previous D.T.A. and D.S.C. results
reported.

(2) Considerable hysteresis is observed at the various trans-
itions.

(3) The exothermic reaction previously reported (in the D.T.A.

work) shows up as a sudden rise in dielectric comstant to near the

;
i
{
;
!
i
;
|3

liquid value followed after about thirty seconds by a return to its low

1

i
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value. This is thought to be due to localized melting as a result of
the heat liberated during the transition.
The single major conclusion of this section is that the system

is suitable for dielectric analysis.

9




1. Second Dielectric Analysis

This analysis used an improved cell and temperature control
apparatus. The results are shown in Figures 34 and 35. Two points
are immediately evident. These are:

(1) The expected phase transitlons are visible as discontin-
uities in the dielectric constant vs temperature curve of the pure
components, but this is not always clearly the case at intermediate
concentrations.

(2) There is always (except in pure PMO) a region in which

dielectric dispersion is seen to occur in the frequency range of
2 .5

80

10°-10° Hz. Examination of Figures 5 and 33 will show the transitions

observed to be in good agreement with our previous work.

i
;
i
i
HE
'
b
[
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Figure 3 (a) 100% (b) 90% (c) 80 (d) 70 % (e) 60T (f) 50% PMS . In the dispersion
region the 4 lines represent , from top to bottom, dielectric constants measured

3 100 Hz, IkHz, IOkHz, and 100kHz respectively.
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Figure 35 (a) 40% (b) 30% (c) 20% (d) IO PMS and (e) I00% PMO
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TABLE VIII
Temperature at which dielectric dispersion in the frequency
range of 100 Hz-100kHz is first observed to appear and dis-
appear in the system thiacyclohexane-tetrahydropyran.
4 CS"IOO Appearance of Disappearance of
dispersion(°K) dispersion(°K)
0 198 239
10 185 230
20 174 224
30 124 222
40 113 213
50 103 204
60 118 193
70 130 180
80 140 163
90 144 154
100 153 157

Table VIIIlists the temperatures at which dielectric dispersion first
appears and disappears at the frequencies used. These points are
plotted in Figure 36 and superposition of this Rgure on Figure 25 will

show this event to coincide with regions of known or suspected phase
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transitions. On the basis of the previous discussion of the terms o
rotation and non-rotation we now divide the temperature composition
diagram into three regions, labelled in figure 25 I, II and III
corresponding to regions of free rotation, hindered rotation (i.e.
showing dielectric dispersion in our frequency region) and non-rota-
tion respectively.

Throughout this portion of the work it was difficult to control
the temperature to within + 1°C for more than thirty minutes. Con-
siderable drift was often noted in dielectric constant during this
time. Once again we are forced to concentrate on the region labelled
II in figure 25 and to remain in the PMS rich region of the diagram.

Let us now discuss the implications of our results to date.

J. Interpretation of Initial Results

We wish here to comment on the results to date and test the range

of their validity. Consider first the two pure substances. The de-

tailed study of PMS of McCullough et al agrees well with our own

results, except for the lambda point discovered by him and his associates.
It has already been pointed out that this phenomenon lies outside this
work and was not observed by other workers engaged in dielectric studies.
The two solids labelled I and Il in figure 25 have been found to exhibit
considerable freedom and the lower phase (II) has been investigated

by several workers (36,37). X-ray work has shown (67) the first phase (I)
to be simple cubic, optically isotropic and plastic in nature. All

other reported physical properties are in agreement with our own work.
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PMO agrees well with available physical data though none has been
found other than our own for the solid material. Our work clearly
shows it to exist in two crystal modifications, the upper of which is
plastic in nature. This latter statement is supported by:

(1) Low entropy of fusion.

2 Asfus + Astrans for PHO = zds:rans + Asfusion for PMS

(3) No dielectric dispersion observed in the high dielectric con-
stant high temperature phase,

It is thus concluded, after the above results are compared with the
solution data,that the two components form a cont inuous series of
solid solutions. The low temperature region of the resulting temper-
ature-composition diagram is diff{cult to Interdret mainlv due to
the difficulty in reaching equilibrium. There then remain the high
temperature solid phases. Only one of these shows dielectric dispersion
in the region of frequency available to us. It is therefore resolved
to begin a study with more sophisticated equipment of the regions
labelled I and II in figure 25. The region labelled I will be used
only to test various equations for the dielectric constant of rotating
solids. Region II will be the subject of the major portion of this
work, and will be used to study the dielectric constant as a function

of frequency, temperature and composition.

K.(I) Dielectric Results from the Spring Loaded Cell

The results of this section will be ordered in the following way:
the results obtained at each concentration will be advanced and dis-

cussed in some detail. In this manner we shall begin in 100% PMS and

|
|
|
|

]



progressing to lower concentrations of PMS we shall be able to observe
(hopefully) systematic changes which will yield information about the
factors affecting the dielectric constant of the solid solution and
the shape of the observed dispersion. As far as is possible the
features of each concentration will be examined in the same order to

permit easy reading and comparison.
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K. (11) 100X PMS
(a) Comparison with Previous Results
First it might be wise to clear up a minor point. The question
might well be asked 1f the transition temperatures are significantly
affected in the spring-loaded system. This possibility arising from

the well-known Clausius-Clapeyron equation which has the form:

Tav

Perusal of Bridgman's work (62) will show that a reasonable average
change of one degree Celsius might be expected for every sixty

atmospheres applied pressure. Further other work in this laboratory
(63) indicates that for PMS forty atmospheres pressure might be ex-

pected to bring about this change. It is thus reasonable to assume

that the modest pressures used will have no effect in displacing the
regions of interest in our present work. Table IX now shows the
effect of the pressure cell on the measured values of q' compared with
the previous results. In this section the values of the previous

work were obtained from figures 34 to 35 and the spring-loaded values

from the raw data.
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TABLE 1X
T(C) Previous¢'  Pressure¢'
Phase 1 (Freely rotating at -7.4 6.9 7.5
100 kHz) -22.5 6.9 7.8
-30.5 6.9 8.1
Phase II (hindered rot, -37.3 | 5.7 8.1
at 1 kHz) -45.1 5.7 7.8
Phase III (no rot. at -107.6 2.2 2.5

1 kiiz)

A simplistic model due to Chan (9) shows that the formation of
cracks due to sample shrinkage can lead to a lowering of the measured
dielectric constant. The spring loaded cell was devised specifically
to correct this, Table IXclearly shows that considerable success has
been achieved. The pressure cell values are consistently higher than
those obtained without this refinement and in phase I give better

values for the dipole moment of PMS than do the previous results,

There is, however, reason to believe (63) the dielectric constant, at
least at low frequencies, in the upper portion of phase II should be
higher than that of phase 1. It seems reasonable, then, to conclude
that the pressure cell used here is a vast improvement over previous

methods but is not perfect.

|




K. (1Ib)METHOD

It is possible, by a suitable choice of components, to construct

a network of resistors and capacitors which will yield the same frequency

response as a given dielectric material (64).

for which:

Ca R
p—————————AAAA—
Cy
I
I
Figure 37

Consider Figure 37

-1
1 1 1
. = 4= = +
2 2] 2} [3"‘:1] R

a3,

(85)

Now the time dependence for the voltage of a simple RC circuit may be

vritten:

VsV e-t/RC
o

thus for the top portion of figure 37 above we have:

(86)
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T, = RyC, (87)
Substitution of (87) in (85) yields:
‘ "zcz't} JuCy (88)
Y ——— + M +
1t 1 12
Now introducing:
'
€ = @' - j€" . (89)
ve write
r. Jocv*
» juG*COV*
- wC,('-3€"V (90)
Whence
Y .
Y ™" e“.,co + jJ€ wco (91)
Equating real and imaginary parts of (88) and (91) we obtain:
C L
" 2 W 2 (92a)

- 2 (=2
¢ T G

o




If we now set:

we have from 92a and 92b

€'-

1 2 1
€'= = + = ( )
% C 14«}22
C
1
c— - em ’ o- &
o
EZ ( wb2)
co l-Mztz
C C
1 2 1
- + - ) = €e
& ¢ 1+\o21‘§

OIQ
N

o

(92b)
(93a)
- €u)
72 (93b)

vhere 93a and 93b will be seen to be identical to Debye's equation.

If now there was a certain amount of dc conductance in the sample we

should have to introduce a suitable conductance in Figure 38 obtaining:

Cy

Ra

WWN-

Fipure 38

92
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we would now obtain

G T
€ - v L) (90
(§) o 1+w 2

|

Now equation 94 shows that should dc conductance occur, a rise in
€" 18 to be expected and is thought to be due to the presence of
trace ionic impurities. In the present work increases in €'" at low
frequency were accordingly ignored. They were observed in all the

dispersion runs. A sample result being shown below:

TABLE X
EFFECT OF DC CONDUCTANCE ON €" IN 100X PMS at -54.75°C

freq. €' €"
100 kHz 4,548 1.135
50 kHz 5.157 1,558
10 kHz 1.322 1.189
5 kHz 7.663 .669
2 kiz 7.783 . 302
1 kHz 7.839 195
500 Hz 7.839 175

100 Hz 7.839 292
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Ignoring the points which indicated a sudden rise in ¢ "at low frequencies
the dispersion data were fitted by a symmetric arc and a skewed arc
(equations 64 and 67 ). The fitting was achieved in the following manner;
an 1.B.M. 7040 computer was programmed to regard eo, €w; T o, A

or { as parameters in equations 65 and 68 . Starting with trial estimates
of the four parameters their values were systematically altered until
a minimum was found in the difference between the calculated and exper-
imental values of € '. Further systematic alteration of the parameters
then brought the estimated € ' to within two percent of the experimental
values. The values of the parameters so obtained were then used to cal-
culate € " which was compared with the experimental values. Several
methods were then used to decide which function had yielded the best fit
to the experimental data. These were:

1) Success of the computer operation i.e. the machine wasdlowed
five hundred trial attempts to approximate the experimental data. If this
failed the result after five hundred trials was allowed an additional five
hundred iterations. Failure on the second attempt was regarded as a
failure of the function.

2) Realistic values of parameters i.e. € , €, T, cannot have
certain values. A negat.ive'c. value for instance may be immediately re-
jected; similarly, an Egvalue of less than two. € may be closely
approximated from the raw data and values differing markedly from such
an approximation may be ignored. Davidson and Cole (32,19) both limit
their values of 6 and & to between O and 1. Their convention is res-
pected.

3) Best fit, i.e. if conditions 1) and 2) were both satisfied an

average error was calculated for the approximations of €' and € " and




the fit giving the smallest relative error was used.

Confusion arose

only in cases where o3 0 and §% 1, that is when nearly ideal behaviour

was approximated.

4) It will be found that other approximations were used to fit

the data, as these are introduced the additional criteria by which they

were judged will be also.

Mi1c) Analysis of Dispersion

Using the methods outlined in KIIb) the 100% data in the dielectric

dispersion region were found to be fitted well by the equations of Cole

and Cole. The ability of the parameters used to fit the results is

shown in Figures 398 to 39d. The parameters used are shown in Table XI

below.

1008 PMS T
66.5
=59.4
~54.7
~45.1

TABLE XI

€. €o
8.027  3.778
7.258  3.034
7.835 4169
7.831 3.262

T

3.876 x 10~°
1.009 x 10°°
5.584 x 107

1.025 x 10_6

.1077
1326
.0504
.0689

A plot of InTt,ve 1/T°K is shown in Figure LO. The linearity of the

plot is evident. The result was fitted to a best straight line using a

least square computer program.

At this time, however, it would be well

to recall the point made in the introduction of this work, i.e. that

the linearity and correctness of the plot of.l«t, vs T could be improved

if InTT vs 1/T was used instead. When this was done the sigma value

and hence the linearity of the plot was greatly improved,The resulting

3
i
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values of the thermodynamic properties thus obtained am recorded in

Table XIIbelow.

TABLE XI1
1008 PHS 8K = 15290 cal/mole
7(°C) A6* (cal/mole)
£6.5 770
=59.4 1,83
54,75 7399
-45.10 6977

The AH'value is in good agreement with previous work. lLydia
Reinisch (37) found AH® = 18 Keal/mole while Kondo and Motsumoto (68)
foud AH' = 13.22 Kcal/mole. It is gratifying to find our value is

very nearly the average of these two.

The high value of AS' 18 also of interest. Kauzmann(26) has
pointed out that such values, common in dielectric work, tend to indicate

that a cooperative process involving many molecules is taking place.

AS* (ca1/°K/mole)

36.36
36.51
36.12
36.44

98

implication is that when a molecule enters its rotational transition state,

neighboring molecules tend to become disoriented and gain considerable

freedom of their own. Thus the rotating molecule would tend to find itself

in a gas-like environment. This suggestion leads at once to the conclusion

that AN should be close to the enthalpy of sublimation. Kauzmann(26)
has pointed out that this might be expected to lead to a AHt of 10-15
Kcal/mole. The enthalpy of sublimation of PMS at =30°C has been estimated
based on the results of McCullough and his co-workers (36) and has been

found to be about 14 Kcal. This agreement is too good to be ignored and




99

it seems reasonable to conclude that dipolar orientation in PMS is the
result of a cooperative process.

Despite the agreement with previous results, one further point
mist be noted. Reference to TableXII will show that €& , and Eeo»
while showing the predictable temperature variations, are not as regular
as might be hoped. This is almost certainly due to the presence of a
second dispersion at higher frequencies which will tend to intrude it-
self to a greater or lesser degree into the present results and it is
due to this unseen presence that the errors are ascribed. Our reason
for asserting tha there is a second dispersion region is twofold.
Firstly, our ¢ values appear high; secondly, Lydia Reinisch (37) has
observed this dispersion. Though, as will be seen later, attempts are
made in this work to resolve this region further, #we are limited to
frequencies less than 100 kHz and this serious limitation prevents

a characterization of the second dispersion.

Finally, for reasons which will be outlined in the next two sections,
it would appear that it would be unwise to place undue emphasis on the

thermodynamic interpretation of these results.

d i) Discussion i
Despite the excellent agreement of our results with those of previous

workers, two serious questions are raised by them. These are:

1. Sincé the formulae used and for that matter any other formulae would

differ from Debye's simple and highly successful formulation, why should

such differences arise?

2. Could the results be better represented by different formulae from

those uscd?
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Let us address ourselves to the first question. Kauzmann(26)
speculates that deviations from Debye's result are due to thermal
fluctuations in the local free energy barriers to rotation. Such
fluctuations allow distributions of relaxation times to appear. Suit-
able continuous distributions have been suggested on empirical grounds
by several authors 658Q8)).These assume that deviations from Debye
behaviour occur as the result of the presence of a continuous spec-
trum of relaxation times rather than a single relaxation time. Fuoss
and Kirkwood (65) have shown that a symmetric arc will result in a
distribution which is represented by a function of the form:

41:& «L
cosh(l ~-et)s- cosex™

F(8)ds = § . ds (95)

These methods, however, appear as exercises in curve fitting and supply
no suitable physical models. These functions have been supplemented by
physical models which are capable of explaining a wide range of dielectric

dispersion phenomena. These are discussed in the next sections.

d ii) The Glarum Model

A recently proposed model (66) which, though highly simplified, is
capably of generating all three dispersion types (i.e. semicircle,
symmetric arc, skewed arc) will now be discussed. The argument proposed
by Glarun runs as follows: Suppose that the skewed arc results from a
selected number of dipoles relaxing at a very rapid rate, the remainder
relaxing at a slower rate. Further, let us assume the rapid rate is
virtually instantaneous and occurs when & neighbour-lattice site is

vacant.* Adopting Glarum's notation, we now write the molecular re-

#* Thus vacancies are the only type of defect which we consider.

i
|
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laxation function

)= ()] om (- «t) (%)

where o o = relaxation frequency in a defect-free region, P(t) is the
probability that a defect arises at a molecule for the first time at
time t. If the defect is a distance 1y removed from a given molecule,
the problem of finding when this defect reaches the molecule is equiva-
lent to the problem of an absorbing wall for which Chandrasekhar (69)

has found:
P(t,) = Y(bwd)? ¢372 exp(a12/1mn) (97)

where D is the diffusion coefficient. Averaging over all possible
values of 1 ylelds:
F) = (o1 2}

[ 01 2} e 1) erte(ou/1 2] (98)
Differentiation of (96) yields:
- ¢'(t) = o gt)+ P( ) exp(- « t) (99)
Substitution of (98) in (99) yields:
- ¢f(t) = «095 (t) + exp(~ & t) (0/102)5
{[1/(m)§] - oA} explot/r ) erte (m/lf)} (100)

If we now write

2
a= otlo,’D

_ 2
8~ “olo /o




then Glarum finds the distribution of relaxation frequencies to be

Pa) = 7 o/ aa ] o/(aa, #1) fora> s (01)

= 0 t(i,

Three particular cases are said to be of interest here. They are:

8, %> 1 which would correspond to a Debye-type relaxation, 8, = 1
corresponding to a skewed arc and a°<$].yie1ding a symmetric arc.

Taking the laplace transform of equation (100), Glarum now obtains:
1

L [- é(t)}' 1+ 1ef Ko

-
(i ot T
= €% €)/( € - €o) (102)

This result will be examined further in the next section.

d iii) Test of Glarum's Defect Diffusion Model

It might be anticipated that Glarum's defect diffusion model is far

toosimplistic to yield agreement with a real system. It was resolved
however to propose a simple means to test this approach and apply it to
our work.

The procedure, detailed in Appendix A, was as follows. Equation (102)
was separated into real and imaginary parts. This ylelded an expression
for € ' which was then reduced by introduction of new variables in the
form of a simple quadratic in a . .It was then possible to solve for a,
using the values of €o, €° and T, obtained from the symmetric arc
which had already been fitted to the 100% PMS data.

!
The results obtained at three temperatures are shown in Table XTII. i
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TABLE X111
7(°c) a T.( sec ) 1% (eec)
(o} ® (o]

-54.75° L.16 5.58 x 107 23.2 x 1oj

or 0.% or 3.12x10
-59.4 3.75 1.009 x 107 3.78 x 1073

or 0.57 0.57 x 10 !
6.5 0.07 3.876 x 107 2] x 1072 |

or 0.26 1.00 x 10~

The first unsatisfactory point to be noted in Table XII is that
due to the form of the equation used to obtain a  we do not obtain a
unique answer for L Further, if we consider the 8, terms here to be
of order unity, a skewed arc would be expected. On this point note
that a skewed arc function is in fact a good fit for thescdata, the
symmetric arc plot being marginally better. The comparison is again
wnsatisfactor, Finally, one might expect that it would be possible to

insert a reasonable value of 102. Once again such a procedure is dif-

ficult. Sherwood (48) has shown that values of D for self-diffusion in
organic solids may differ by as much as 400% depending on sample history.
The fact that the nature of the defect we must use is unspecified, is of
little help since a vacancy should move more rapidly than a molecule.
Ignoring these facts, we choose (fram Sherwood's value for self-diffusion I

of pivalic acid) D = 10"8 m® secy to obtain:
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TABLE X111
o 2
1(°c) a, T,( sec ) 1/ (sec)
-54,.75° 4.16 5.58 x 107 23.2 x 1oj
or 0.5 or 3.12 x 10
-59.4 3.75 1.009 x 107 3.78 x 1077
or 0.57 0.57 x 10 |
46.5 0.07 3.876 x 107 27 x 1073 |
or 0.26 1.00 x 10

The first unsatisfactory point to be noted in Table XII is that
due to the form of the equation used to obtain 8 we do not obtain a
unique answer for 8. Purther, if we consider the 8, terms here to be
of order unity, a skewed arc would be expected. On this point note
that a skewed arc function is in fact a good fit for thes:data, the
symmetric arc plot being marginally better. The comparison is again
unsatisfactory, Finally, one might expect that it would be possible to
insert a reasonable value of 102. Once again such a procedure is dif-

ficult. Sherwood (48) has shown that values of D for self-diffusion in

organic solids may differ by as much as LOO% depending on sample history.
The fact that the nature of the defect we must use is unspecified, is of
little help since a vacancy should move more rapidly than a molecule.
Ignoring these facts, we choose (from Sherwood's value for self-diffusion

of pivalic acid) D = 10"8 e’ sect to obtain:




TABLE XIV

(%) 1, (K)
=54 .75 48 ‘
or 18 iﬁg
=59.4 62
or 2, :
6.5 17 I
or 32

This shows at least two interesting features: 1) The dimensions of 1,
are quite reasonable. 1ii) The value of 1,should increase with de-
creasing temperature. This effect would be expected as the defect
concentration would tend to fall with temperature. This is not con-
firmed.

Thus, although our work fails (as expected) to confirm the Glarum
defect diffusion model it does show that this type of interpretation is
qualitatively capable of explaining the occurreace of the Debye and
Davidson plots, and that to some extent our data might be understood on
this basis.

Similar analysis of a system for which the physical properties re-

quired were well known would be a far better test of this model.

d iv) Conclusions Based on Glarum's Approach

It has been shown that our data must fail to confirm or deny Glarum's
theory. That it is in fact naive cannot be doubted nor can it be denied
that it is the first model capable of prediting the three bagic types of
dispersion. This latter succes has led Anderson and Ullman (70) to propose

a gencralized model of their own. In their approach the motion of the
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defect as a relaxation mechanism is dropped in favor of a fluctuating & f
environment. The authors point out that many fluctuating physical |
properties might be expected and select the "free-volume" merely to
supply a simple physical concept on which to pin their equations. The
conclusions reached are strikingly similar to Glarum's. These are:

1) If the free-volume fluctuations are much slower than the rate of
molecular reorientation we shall observe a symmetric arc.

2) Rapid environmental change produces a single relaxation time.

3) For comparable rates of reorientation and environmental fluctuation,
the theory predicts a skewed arc type of dispersion.

Since, in a qualitative way at least, we are able to explain the
gencral types of dispersion and the initial results from our system seem
to confirm this (i.e. 100% PMS gives a symmetric arc), the temptation
now is to conclude that we have an adequate explanation of the system.
Further, it would seem that we need only seek a time-dependent fluctua-
tion which might alter the reorientation probabilities of our system
in order to fully understand the results. Unhappily, nature is never

that simple. Recalling Lydia Reinish's (37) observation that PMS con-

tained a second dispersion region and recalling our remarks on this
point in the introduction of this work we must now turn our attention to
the possibility of multiple discrete dispersions. This is of vital
importance because the success of the symmetric arc and skewed arc |
representations depend on their béing unique and as Davidson (32) has

pointed out, there is often doubt as to whether or not gven dispersion

dataare better fitted by a series of unique dispersions or a skewed arc.
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d v) Discrete Relaxations

Fang (71) has concluded that if the Argand diagram is not a semi-
circle g(8)  1is a continuous distribution function. One might how- *é
ever question the existence of a truly continuous series of relaxation
times, particularly the regular array of a crystalline solid. On the
other hand, a Debye function which is actually a Dirac-delta function
might also be said to be unrealistic. This latter objection is some-

what reduced if it is suggested that:

%.o =k =Aexp [ -QH/KT | (103) |

It might reasonably be assumed that a number of relaxation times, quite
close together, would tend to converge at higher temperatures and yield
a Debye function. We shall return to this point later. For the moment
it would appear that a discrete sum of Debye functions might be capable
of yielding good agreement with data composed of multiple relaxation

schemes. We would then have equations of the form:
G’ - €u Z 3 (
€, - € ‘ ThaT :
" A
€ Z ":ﬁ)‘,—r (104b)
€, "€o 1+

This approach suffers from the severe difficulty that the number of un-

il

known parameters rapidly becomes so high as to render solution a hope-
less task. Thus, for practical reasons we may neglect this technique.
Budo (72) has suggested the following simplificd approach to the above

cequations:

i
]
i
i
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€ - € 1 +wzl‘12 1 +w?122 (105a)
G " clﬂTl . c :
= ’ 10 -
€,~ €o 1+w®}  1+up)? (10%) L

{
1
1
.
P

This method has distinct advantages. It assumes only two relaxation pro-
cesses, both obeying Debye's formulation and introduces the condition that
Cl + 02 =1, The immediate benefits of such an approach are obvious. The
number of parameters is reduced to the point where they may be readily amen-
able to computer analysis and the approach should be useful in certain
systems which might be expected to yleld two distinct relaxation times.
Systems of this type are known i.e.mixtures of an alkyl halide and an
alcohol show two dispersion regions (73). Magee and Walker (74) have
carried out an extensive examination of this approach. They have found
that the Cole symmetric arc can sometimes be better represented by Budo's
equations and that in such cases estimation of ‘t‘lmx via the Cole arc

can lead to serious errors if the ratio ?1/132 differs significantly from

unity.

d vi) Application of Budo's Technique to 100% PMS

The computer program used to fit the symmetric and skewed arc functions
to our data was modified to accept equation(:t?ssian)g ‘l‘l, tZ’ Cl and €,
as parameters. At most temperatures this program failed to yield a
satisfactory ‘convergen;elbut. for =54.75° we obtained :

£, = 6,645 x 1077 sec

2, = 4.025 x 1077 sec

It

€, =0.333
€, = 4.382
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It must be emphasized that the agreement of the calculated and ob- ;‘l
served £' values is not as good as it was with the symmetric arc function 1
but a fit is obtained which might be improved with more data. It must be
noted however that Egmobtained in this way is comparable to the previous
value using the symmetric arc (i.e. 4.169), the vital point here being
that ambiguity might arise regarding the value of the relaxation time j

br times). It might be expected that the symmetric arc might yield a
suitable average of the two but this is certainly not the case here and

the serious errors outlined by Magee and Walker might well arise.

It seemed desirable at this point to test the range of validity of
Budo's method further. This was done in the following way. Synthetic
datawere prepared with two relaxation times 'bl. = 5.0 x 107 sec,

, = 7.0 107 sec, X0, € =104, €o= 3. Budo was unable to resolve
these times satisfactorily (the computer program failed to converge).
This is suspected to be due to the condition that Cl + C2 =1. The
symetric arc, however, ylelded € = 1041, €,=3.07 T =5.9x 107
sec and X = 0. It appears, in this case at least that the symmetric arc
has admirably fulfilled its task. Note however that the condition for
success of the symmetric arc is fulfilled i.e. zi/lk does not differ

significantly from unity.

d vii) Multiple Dispersions

We have now shown that there exists considerable doubt as to whether
or not the symmetric arc functions observed are in fact continuous functions. %
A further complication arises when we are forced to recognize that a reason-

able alternative to the symmetric arc (Budo) can yield T, values very




different from previous results. The question we now ask is: "Does the
skewed arc representation suffer from the same difficulty?"

To answer this latter question it is necessary only to refer to
Davidson's paper (32) to find instances where a skewed arc might well be
fitted to two separate low and high frequency dispersions. Further, Cole P
and Davidson (31) have fitted the dispersion curve for n-propanol at
151°C to a sum of three symmetric arcs.

We must, then, face the fact that unless the entire dispersion
range is available, the Cole-Cole and Cole-Davidson functions cannot be
regarded as unique. Any physical data acquired from them must need to be

regarded with suspicion.

d viii) Brot and Multiple Dispersion Regions

We have already pointed out that Budo's methods employs two constants,
the sum of which is set equal to unity. This is an illustration of what
Brct (75) refers to as the "classical technique”. It requires that if

two or more arcs superimposed then:

€°HF= e“’u

Where € o is the static dielectric constant for the high frequency
HF
dispersion and €wy p 18 the high frequency (at infinite frequency) dielectric

constant of the low frequency dispersion. Figure 58 shows such a condition:

€ ]

E“u; €¢o LR
e /
Figure 58
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Brot has found that this condition is not met in some of his own
work on a series of normal, primary alcohols (07-010).”} Brot begins his
analysis of the problem by writing his dispersion equations as a simple
sum of Debye-type relaxations i.e.

A
f = -—L—-— (106&) £
€' = €t 22 |
12 l+xci/) ‘

"n = A l
€ .L_.sill_
Z 1+ )301/)\ : o

where ;Ai.: eo-en, [
)‘ci = wavelength corresponding to the maximum absorption for the '
discrete relaxation process i,
A = wavelength of the measuring signal.

Brot now obtains

[ Ao’ |
iﬁ.’T ¢ v IRV
\ » (1 +)1%/)2)
- eu - d—-——-—(l/) ) = ‘2 - 2 A J (107)
d (_‘_) d(e"/2) n,  [—2 o 1
* a0 b o+ X

He obtains a curve of negative slope of which the concavity is always

turned upwards as long as we assume the various values of I\i are positive.
Brot has found, in the case of the alcohols he studied, that the slope

changes around ) = 50 em. This, he believes, implies that some of the A.l
are negative and that the failure of classical methods arises from lack of
recognition of the fact that two separate relaxation processes may in fact

be cooperative. If we consider two separate rclaxation processes which both o

-t e Ao o e w2120
e



contribute to a single, resolvable‘dispersion region we cannot overlook

the possibility that cooperation between the two relaxations will give rise
not to a simple sum of the two but to some function in which cross-terms
will appear.

Brot has shown, using an approach he credits to Frohlich, that such
cross terms may arise and that they may be negative.

It appears evident that Budo's approach must be used with grave
reservations. Further ambiguity will arise in almost every resolvable
dispersion due to the multiplicity of functions capable of representing
such a dispersion.

These things being noted let us turn our attention to Hoffman's method
which appears to allow for cooperative effects using a physical model par-

ticularly well suited to our solid system.

d ix) Hoffman's Method

Confronted with the problem of multiple relaxation times required to
describe certain dispersions Hoffman (76,77,78,79) has advanced a series

of papers containing a theory based on the number of positions available

to a dipole in a crystal and the height of the energy barriers between
positions. This distribution of barrier heights leads either to a Debye-
type single relaxation time or a number of discrete relaxation processes.
In the last of these papers the author closely approximates the dielectrc
loss observed for the dispersion resulting from l6-hentriacontanone in i
urea clathrates. |

We shall now examine Hoffman's two-position model.

Consider two non-equivalent sites 180° apart. The transition proba-

bility for the elementary process by which a dipole moves from site 1 to
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the adjacent site 2 is:
k= A exp (-(W + V)/kT) (108)
where A is a constant and W + V is the barrier height between site 1 and

site 2. Similarly

k! = Aexp (-W/KT) | (109)

where k' is the transition probability for a jump between site 2 and site
1 vhile W is the barrier height between site2 and site 1. Schematically

we have

o ey’
ANGULAR POSITION

It is possible now to write the net rate at which dipoles enter a given

site. We have:

il

le/dt ~2kN, + 2K'N,,

' (110)

-2k'Nz + ZkN

sz/dt

A set of differential equations of this type have general solutions of

- 1=22..0
Ny -2‘ Cip oxp [.-!m(k)t] (111)

where J1 is the number of available sites. The functions Y‘o= exp -E@(k)fj

1

the form:

U ———



are referred to as decay functions or modes of decay and are obtained as
eigenfunctions of the operator D = d/dt corresponding to the eigenvalues
-@6k)' These will now be obtained for the two-position model. The

characteristic determinant for equation (11) may be written:

(D +2k) - 2k!
=0 (112)

-2k (D + 2k')
whence D=20; -2(k+k')
Here the root zero leads to equilibrium time - independent solutions and

we write

N =C * OV

(113)

N,=C

2= 0y tCuY,

where Cll and C21 are the equilibrium number of dipoles on sites 1 and 2.

Substitution of § , = exp(-2kl-2k't} in equation I13 shows:

C,., = -C (114)

12 22
which indicates that decay of polarization is achieved by a flow of dipoles

from site 2 to 1. It then follows:
P(t) = P, exp | -2(k + k')] t (115)

and a single relaxation time:
T,=1/2 (K+k") (116)

is observed.

For a three position model we have:

1

le/dt

sz/dt

dNB/dt

~2kN. + k'N. + k!
2kNl k N2 k N3

(117)

i

- 2kIN_ + k!
kNl 2k N2 k N3

+ k'N, - 2k'N
kNl k N2 2k 3
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with roots D = 0; =3k'; =(2k + k'). Here, by considering two of the sites
to be equivalent we have obtained two decay times. Obviously the more
mumerous the sites, the more complex the analysis becomes. As already
mentioned Hof fman(79) has applied the approach to various urea clathrates
and the results are shown in Figures 4780 48°

In each case the shape of the potential energy vs orientation diagrams
have been calculated from exact X-ray data on the shape of the clathrate
cage. The small central potential well is neglected as being statistically
unimportant. It is perhaps of interest to note that the 6-12 potential
calculations give the best fit to dielectric data.

It is now clear that the present system might be used to test Hoffman's
suggestions. If the observed dispersion is altered in such a way that
further discrete relaxation regions appear during the grstematic addition
of PMO to PMS then it might be inferred that the inclusion of PMO in the
PMS lattice changes the potential barriers to rotation of PMS in such a

way that the emergence of further relaxation times becomes possible.

d x) Summary of 100% PMS Data

This section has been longer than anticipated. Before continuing
then let us rapidly review the results so far considered and their impli-
cations.

a) The high temperature phase (labelled I in Figure 25) seems to obey
Onsager's equation and hence presents itself as a "freely rotating phase".
The absence of dielectric dispersi;n is, of course, a consequence of the
limited frequency range used and further examination of this very promising
region must be abandoned.

b) The second phase, (labelled II in Figure 25) yields dielectric

dispersion data which has been represented by a symmetric arc. The principal
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relaxation time, yielded by this function, has been used to obtainthermo-
dynamic data from this region. The implications of this data have been
discussed.

c) Several models have been applied to this region. While this
approach has been inconclusive, several lines of reasoning are suggested.

First the Glarum and related models appear to be adequate as a skewed

i
i
|
{
i

or symmetric arc function fits the data.

Second, Brot's discussion, together with Budo's approach suggest that
unless sufficient data are available to suggest that the Cole-Cole or
Cole-Davidson functions are unique then the relaxation time yielded by
these functions may be of little physical significance.

Third, Hoffman's interpretation, being based on a crystalline
model, seems best suited to our system. This model does, in fact, seem
to be one which might be qualitatively verified by our results.

Fourth, it would seem wise to attempt to fit the observed dispersions

with empirical functions of our own. Some effort will be made to do this.

K111, 90% PMS

a) High Temperature Regionit

In this region we confine ourselves to testing equation of Reynolds
and Hough (61). The principal difficulty lies in obtaining a reasonable
value for the dielectric constant of PMO which is liquid in this region.
The equation was tested at -33°C using the measured value of €, for PMS

and a value for PMO obtained by extrapolation of the value of €, for

the solid to this temperature. We find using: ;Q

* i.e. Region marked I in Figure 25.
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e.m at -33°C = 5.3

&, py 8¢ 33 = 8.1
€ocall.c. =18
E,obs. = 8.0

that the agreement is good but not perfect. But good agreement is to be

expected since €, and €,p,,c are not very different. Further, the as-

sumptions we make, though reasonable, are questionable® and sufficient

flexibility remains to allow us to obtain equally good agreement at all
concentrations studied. We must now acknowledge the fact that we shall
not obtain any further information from this line of investigation and it

will therefore be discontinued.

b i) 90% PMS Dispersion

As expected, the intermediate phase (marked II in Figure 25) at this
concentration showed dielectric dispersion, the pertinent results being

listed in Table XV below.

* We have assumed extropolation of PMO 8olid values to the desired

temperature is valid, that our cell yieids perfect results and the xlf25
and x,{, of equation (83) are equal to_the mole fractions of the respeltive

compofefits. If we had selected PMO(€)equal to the highest true solid value,
we would have obtained € po - & € pyg = &1 with €ca1c = 80

§
Y
)
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TABLE XV

(%) €. €o (8,) (sc) & p
2.2 1,223 7.947 0.46% x 107 0.3422

7.1 3.989 .45 0.L472 x 107 0.3845
61.4 4323 7.491 0.1518 x 107 0.4400
-53.8 1,309 7.896 0.1261 x 107 0.2280

9.2 4.957 8.4,20 0.7798 x 10 0.2006

443 5075 8.38 0.3008 x 0°  0.097

The dispersion curves obtained are shown in Figures L1 to 42. A plot of
InTt, vs 1/T is shown in Figure 43.

Note in Table XIV that the following expected trends occur:

1) The low temperature preference for a Cole-Davidson skewedarc plot
is replaced at higher temperatures by a Cole-Cole symmetric arc plot. This
appears to occur because as the relaxation time (or times) become shorter
they move out of our frequency range and hence the single relaxation we can
observe becomes dominant. Simply stated, at higher temperatures there is no
need to favor higher frequency data (as does the Cole-Davidson function) in
order to fit the measured data.

2) The values of the distribution parameters approach Debye behavior
(i.e. a7 0, B-=1). Such an effect would be predicted by Hoffman as the
relaxation times would tend to converge at higher temperatues.

Table X V shows another curious effect: both € o and €, appear to
increase with increasing temperature. This is in contrast to the expected
result, since the density is decreasing; further, it is not consistent with

the observed trend in our 100% sample. Two explanations are now offered:
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First the compressibility of the sample is lower and therefore the modest
pressure in our cell is not ylelding the desired result. Second, the bi-
modal nature of the true distribution is adversely affecting the ability
of our two functions to yield a meaningful fit. Both these conclusions

will be seen to be supported by our subsequent work.

b 1i) 90% PMS Thermodynamic Data.*

An analysis of the relaxation times such as that used on 100% PMS
yields the following results: AH® = 17.8 Kcal/mole, AS*= 50 e.u.

One is sorely tempted tc draw immediate conclusions from these
values. They are in qualitative agreement with the 100% PMS data but
yield ‘AH‘somewhat higher. It would seem logical to suggest that the
presence of PMO has increased the barrier height to rotation. This
conclusion is not however consistent with the observed lowering of the
temperature at which rotation ceases.

In the previous section much was made of the fact that when multiple
relaxation processes occur ambiguity must arise concerning the true value

of B,. Examination of figures L) to 42 will show that our dispersion is

almost certainly bimodal - a fact which our computer programs must ignore.
Further deviations from the Cole-Cole symmetric arc are slight and can
readily be accomodated. When the Cole-Cole arc fails the minor adjustments
required to fit the data points are seen to arise if a Cole-Davidson function
is used. Thus the Cole-Cole and Cole-Davidson functions, while fitting the
data to the required degree of exactness (& 2%) do not represent the real
situation. Hence the T values we have used to obtain thermodynamic data
cannot be viewed with confidence and further discussion of these results §

is deemed to be unwise.

|
* See figure 43. | l’
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b iii) 90% PMS, Theoretical Examination of Dispersion

We have already advanced a nﬁmber of theories which are capable of
explaining symmetric arc and skewed arc behavior. These theories could
not be readily verified by our 100% data and appear to contain jnatcessible E
terms (note Glarum's model with its diffusion coefficients) for which a
wide range of values may be selected. Great stress must now be laid
on the evident bimodal nature of our distributions which would require
rigorous separation before any of these theories might be meaningfully
tested.

In the event there was reason to suspect that two distinct relaxation
processes were at work such as independent relaxation of PMS and PMO, then
resolution by Budo's methods may be attempted.. There is no reason however
to assume that this is the case, indeed the fact that a solid solution is

formed and that the relaxation appears to be cooperative argue strongly

against such a possibility.

One theory, however, seems to be capable of explaining our observations
This is Hoffman's model. Introduction of a PMO molecule in the shell of
nearest neighbors of a PMS molecule must alter the shape and number of
encrgy barriers encountered by the PMS during rotation. It would be
expected that the shape of the resulting dispersion curve must now become
more complex. Since this is what we are in fact observing it is difficult
to escape the conclusion that our results are beginning to supply a

verification of this theory.

b iv) 90% PMS, Attempt at Fitting Observed Multiple Dispersions

Brot has shown that Mclassical analysis" of dispersion curves may often

%
|
{
H
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be in error. It is also evident that Budo's method being
classical in nature also ignores the possibility of co-

operative effects. We have accordingly attempted to gener- i
ate a set of highly generalized functions by combining the §
observed empirical relations of Cole and Cole and that de-

rived by Cole and Davidson in the following way:

€' "o _ €1 Eooo) [1 + (i) 17 sin yu 7]
1+ 2 (wg) 1 sin e v+ (wt )24

(1-%,)
+ C,yley= € [1 + (ot,) 2" sin 5«2‘»]

142 (-»Z*g“"&’ sin b o, T+ mtz)m'*z’ (118)

b et [ )0 s v ]
T 142 (..,tl)‘l‘ﬁ) sin o P+ 1)2‘1""1)

- B -
+ Cz(eo-eoo) [Zcos(tan 1«:?2)) (cos@(tan lmtz))](ng)

v f
¢ '-Goo = cl(eo-eoo) [(cos(tan-lwl‘l)) l (cos ﬁl(tan_lw?l)ﬂ

+ Cy(6-€,,) [ (c:os(tan-lualfz))ﬂ2 (cos ﬁz(tan'lw‘bz)ﬂ ¢

(120)
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This approach can, of course, be criticized and strongly
criticized. It has been said, with justification, that if a
sufficient number of parameters are used in any equation,
virtually any function might be approximated. We shall how-
ever apply these equations to our 90% PMS data and discuss
the results.

We employed the same computer methods here as were used
to fit the Cole-Cole and Cole-Davidson functions. This
program was expanded to estimate six parameters. These six
were chosen to be T, T,, &,;, &, (or 61' g ,or x,

62) C, and C,. The restriction on C; and C, (.e.Cp +
C2 = 1) was relaxed. €, was set equal to the low temperature
dielectric constant and was assumed to be 2.35. €, was set
equal to the value obtained at the lowest frequency used.

The results, when applied to 90% PMS data yielded the
following successful fits: For T = -67.1°C (fitted best by

the sum of a Cole-Cole and a Cole-Davidson function)

T, = 1.085 X 1072

T. = 2.655 x 107°

T

Cc, = 1.797

-

C, = .575
K= ,7228

o AT T

o
= 2em
For T = -61.4°C (fitted best by the sum of two Cole-Cole ;

functions)
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T, = 7.890 x 10™2

T, = 1.499 x 10”6

C, = .7741

C, = .9535

oAy = .7463

A, = 4475
For T = -49.2°C (best fit from the sum of two Cole-Cole
functions)

e, = 5.762 x 10~6

e, = 1.212 x 1071?
c, = .5604
C, = .8194
oy = 8348

o, = 9559

It is very easy to attack this approach. Note, for
instance, that in no case does C, +¢C, = 1. This latter
condition is required if the low frequency limits of equations
ligto /2o are to be valid. Note further that it is difficult |
to supply a meaningful physical interpretation of the results i
and that even if this were not the case there is every reason
to believe that the curves obtained in this way might be
further reduced. Such obviously erroneous behavior is suffi-
cient to preclude further use of these equations.

Before closing note however that at low temperatures the

Cole-Davidson and Cole-Cole fits must be combined while at

higher temperatures two Cole-Cole arcs supply a fit. Such
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behavior is again consistent with Hoffman's theory which !
predicts that a distribution of barrier heights such as those
he proposes will tend to converge with rising temperature.
This would allow the antisymmetric Cole-Davidson plot to be-
come a more symmetric Cole-Cole arc., Also Cl + C2 =]1as T E
increases.

Further the fact that Cl +C, % 1 would imply one or both
of the following:
1) More than two relaxation times are present.
2) There is overlap of relaxation regions leading to be-
havior such as that predicted by Brot (i.e. some Ai in equa-
tion g6/ may be negative).

The final blow (if one more is indeed necessary) is dealt
to this approach by the severe experimental limitations which
do not permit measurement beyond 100 KHz. This renders selec-

tion of €, difficult and one blithely assumes that no com-

plications occur between the last measured value of €’ and

the assumed value of €.
Regretfully then, it is concluded that this approach, in

its present form is a waste of computer time. i

K. (Iv) 80% PMS

a i) High Temperature Region

Little can be said of this region except that it shows

no evidence of phase separation.
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)V aii) 80% PMS Dispersion Data
The dispersion region yielded results plotted in
Figures 44-46 together with the curve generated by the

fitted parameters. These parameters were found to be:

o Table XVI
T( C) l‘b(sec) €o € A p
-79.4  0.6575 x 1075 7.393  3.599 0.2245
273.1  0.8418 x 107 7.206  4.292 0.2973
69.5  0.5203 x 10  7.347  4.259 0.2983
65.2  0.1486 x 10”4 7.299  5.369 0.6646
58.0  0.1548 x 10°°  7.375  4.604  0.3026
-6

-50.2 0.5990 x 10 7.214 4.910 0.1416

We note at once:

1) There is no systematic variation of Go or €.

2) A low temperature preference for a Cole-Davidson function

gives way to a higher temperature Cole-Cole arc, further pﬂi,

and X2 0 as the temperature increases.

Reference to figures 44 to 45 will show that the first
of these observations is due to the same factors mentioned
in section K{III)bii and biii.

The second arises from one or both of the following ;
causes:

First the points due to higher frequency processes
gradually move far outside oﬁr frequency range, we thus

find ourselves looking at the beginning of an isolated,
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almost ideal region.
Second, at the risk of repetition, this effect would be
expected from Hoffman's theory.

a 111)80% PMS Thermodynamic Data

The evidence so far accumulated must lead to the strong-
est possible suspicion that neither the Cole-Cole nor the
Cole-Davidson plots are capable of yielding reliable relaxa-
tion times for the data we are now observing. We shall con-
tinue to quote the results obtained (see Figure 46) from it
but stress most strongly that its meaning is minimal. We do
obtain for 80% PMS

AH‘- 20.8 Kcal/mole
AS‘- 64 e.u./mole
a iv) _80% PMS Theoretical Interpretation of Results

Reference to Figures L?b to loé) clearly shows that the
dispersion region is becoming less and less well defined.

We have suggested that this is due to the systematic altera-
tion of barrier heights observed in Hoffman's single axis
multi-position rotator model as the result of addition of
PMO to the nearest neighbor shell of any given PMS rotator.

If we consider (for simplicity) that each PMS molecule
is surrounded by ten nearest neighbors, then in 90% PMS we
shall have introduced one new relaxation process. Moving
to 80% PMS will not however yield two new processes since
the random positioning of a second PMO in a nearest neighbor

shell may now lead to more than one further relaxation. It

s P ST S S,
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is reasonable to assume that two neighboring PMO molecules
would have a different effect than two remote from each other,

i.e. the arrangement:

T
PMO

b L4

will yield a relaxation spectrum different from

PMO
\ 4
PHS

‘N0
Both will occur with approximately the same probability
as will the other possible arrangements. We should then
observe further deterioration* of any discrete dispersions
with increasing PMO concentration. This is in fact observed
and in order to illustrate this the reader is referred to

figures 47bto Aabwhich show this effect in the concentration

range 1008 PMS to 60% PMS.

* By deterioration of the dispersion we mean the increasing
inability of the symmetric or skewed arc to fit the disper-
sion in a meaningful way.




a v) B80% PMS Further Attempts to Fit Dispersion

In view of the conclusions of a iii, our limited fre-
quency range and our failure to obtain really meaningful
data from equations 118 to 120, these attempts have been
abandoned.

K(v) 208, 67.5% and 50% PMS Dispersion Region

The dispersion data is presented below and in Figures
49 to 54. Thermodynamic data are quoted without further
comment since 0 is no longer regarded as being meaningful.
It is interesting to note however that plots of InTT, v$
1/T (see Figures 55 to 57) remain reasonably linear. One

concludes that some sort of average T, is generated by our

approach.

TABLE XVII
708 PMS aH'= 18.5 Kcal As’= 52. e.u./mole
7(°c) T (sec) € o € ol P
-79.2  0.5400 x 1070 8.455  4.720 0.2943
-74.9  0.1590 x 107>  8.528  5.183  0.3466
-70.5 0.6515 x 1074  8.557  5.331 0.3275

-67.2  0.1256 x 1074  8.662  6.235  0.2347

-60.5 0.2252 x 1070 8.525  4.666  0.1442

-55.3  0.1327 x 1070  8.437  6.770  0.2667
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TABLE XVIII
67.5% PMS a'= 19.5 Kcal/mole AS'= 58 e.u./mole
0
T(°C) T, (sec) €, €o ol 8
_73.4  0.10604 x 1073 8.820  5.414 0.2900
-69.5  0.5089 x 10~4 8.748  5.731 0.2907
-66.2  0.9083 x 107° 8.746  6.847  0.2054
61.2  0.3720 x 107° 8.637  7.003  0,2317
-56.3  0.2648 x 107° 8.469  7.628  0,0852
TABLE XIX
60% PMS AH‘- 27.8 Kcal/mole AS‘= = 100 e.u./mole
T (°C) T, (ssc) € €w X 8
~79.1  0.3566 x 10~> 8,715  5.386 0.2098
-76.8  0.1579 x 107> 8.702  5.854 0.2602

212.2 0.6686 x 1071 8.729  6.438 0.3149 ‘
5 0.4991

-65.7 0.9108 x 10 9,108 8.557

6

-59.9 0.3326 x 10~ 8.564 6.456 0.4620

Perhaps the first point to be noted here is the agreement
between the 70% PMS results and the 67.5%8 PMS. This observa-
tion is gratifying because it lends confidence to our experi-
mental data.

The second point of interest is the very high value obtained
for é:m. Clearly it is unrealistic. It is possible, but un-
likely, that the function is now fitting a small low frequency
dispersion. If we accept that this interpretation is incorrect

we are led to the conclusion that our initial function has
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failed. Since this march to failure was predicted after
studying the 90% PMS and 100% PMS dispersion regions, we
can only call this failure satisfying.

Reference to figures 47 to 48 will show that the shape
of the experimental curve is deteriorating. This is the
reason for the gradual ascendence of the Cole-Davidson plot
over the Cole-Cole representation.

We have already drawn attention to the linearity of a
plot of InT®, vs 1/T. This appears to be the result of the
ability of our two empirical equations to yield some sort
»average" relaxation times. We have already shown that there
is every reason to believe that this average does not yield
physically meaningful data. Once more Hoffman's results
yield a qualitative model which suits this system well.

Mention was made in the introduction to this work of ‘
the relation drawn between viscosity and the relaxation time
by Debye. It is evident that an attempt to co-relate these

properties is meaningless in our system.

KVﬂ 508 PMS to 100% PMO A General Discussion

This region has already been discussed as that which
lies furthest beyond the probing abilities of our instrumenta-
tion. The following observations wrung from a region of low
temperature and dubious equilibrium have been made:

First, in 50% PMS a dispersion region is still visible.

It is however weak and non-reproducible. This latter problem
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has been growing with addition of PMO since 80% PMS. Note

for instance that in 708 PMS the dispersion at -51.1°C is

fitted by a Cole-Davidson function while the three temperatures

below are Cole-Cole fits.

Similarly in 60% PMS € o 3nd €4

at -65.7°cC appear to be much in error.

Second, a tendency for values of €' and € " to be abnor-

mally high when a given temperature is first reached has been

observed at all concentrations.

The time required to reach

equilibrium (after €' and ¢" have declined from these high

values) has become rather long in this region.

A typical re-

sult is advanced here because it is most instructive.

40% PMS showed dispersion beginning at -139.5°C on warm-

ing from liquid nitrogen temperature thus:

T = -139.5%

freq.

100
80
60
40
20
10

5

1
0.5

(kHz)

5.102
5.202
5.301
5.445
5.680
5.943
6.202
6.884
7.177

€
.6122
.6097
.6089
.6141
.6121
.6229
.6288
.6092
.5659

N



X1

T = -132.8
freq. (kHz) €' €"
100 6.529 .6714
80 6.616 .6665
60 6.740 .6582
40 6.877 .6386
20 7.142 .5660
10 7.376 .5227
5 7.606 .4755
1 8.038 <3714
0.5 8.190 .3262

These high values were suspicious and some drift was
evident. The sample was stored overnight in dry ice and
the next day the temperature was slowly lowered to -140°%

and held for 3 hrs. Measurements of the dielectric con- ‘

stant were then made with the following results:

T = -140°C
freq. (kHz) (A e"
100 3.429 1777
80 3.450 1777
40 3.528 .1793
10 3.686 .1847
5 3,768 .1886
1 3.966 .1965

0.5 4.050 .1886
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It is immediately evident that the first two series here
do not represent an equilibrium situation. The following
theory is advanced. Sherwood (48) has shown that the number
of defecgs is a function of the thermal history of organic
solids. Thus his diffusion rates were found to depend mark-
edly on thermal history. Now if we assume, as did Glarum,
that dipole orientation takes place mere easily in the region
near a defect and further assume that rapid cooling insures a
high non-equilibrium defect concentration then the high values
of €' and ¢" may be blamed on high defect concentration.
If we now further postulate that the fall with time of €'
and € " observed at constant temperature is due to the elim-
ination of defects (possibly by diffusion) then we are able
both to rationalize our results and support Glarum's model.
We do not propose to develop this topic further but study of
the rate of attainment of equilibrium in systems of this
nature seems to have some promise.

Finally, for this total region (50% PMO - 100% PMO) no
further conclusions other than those already mentioned in

other parts of this work may be advanced.

N



CHAPTER IV

Conclusiong

Pirst, the physical tests to which the system was sub-
jected show that a continuous series of liquid and solid
solutions is formed by the two pure components. On the
basis of studies of the solid solutions formed it is evident
that, while corplete characterization of the solid phases is
impossible, three regions may be defined. These are: a high
temperature region, an intermediate region and an ill-defined
low temperature region*. The intermediate region has been
found to be suitable for study of the dielectric dispersion
phenomenon. ‘

Second, attempts to fit the dielectric dispersion observed
by Cole-Cole and/or Cole-Davidson functions have met with
qualified success. This success is qualified because, as our
previous discussion has shown, the functions mentioned can be
accepted only if very complete dispersion data are available
(i.e. € ' and € " values are available over such a frequency

range as to define the entire function) and there is no reason

* Labelled phases I, II and III in figure 25.

153
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to believe various composite functions (e.g. Budo's) would
serve as well or better to define the relaxation processes
involved. Since we have reason to believe secondary processes
are important we have paid only lip service to these functions.
Third, notwithstanding the observations just made,
attempts have been made to test Glarum's defect diffusion
model. This theory explains the existence of symmetric and
skewed arc behavior on the basis of defect mobility. The re-
sults fail to indicate whether or not such an approach is
valid in this system, indeed it appears to be inappropriate.
There are indications however that this approach, or a con-
ceptually equivalent one such as Ullman's (70), might be
applied with much success to a system for which a Cole-Cole

or Cole-Davidson arc may be regarded as an adequate represen-

tation.

| ?outth, Hoffman's single axis, multiposition rotator in ‘
a crystalline field appears to be admirably suited to our
observed dispersion. This method has been applied to a number
of solids with some success. The true test of a theory however
lies in its ability to make accurate predictions. Such pre-
dictions have been made and verified only in the case of urea
clathrates (79) by Hoffman. We have pointed out that the
systematic variation of our éystem resulting from the addition
of PMO to a PMS lattice should yield results predictable by
Hoffman's method. Thus we predict that our dispersion region

will become more complex and ill-defined with addition of PMO.
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This effect is observed. Our work may, then, be regarded as
a verification of this approach.

Finally, it appears that we are severely limited by our
system and equipment. Work must be carried out in a very
limited region of temperature, concentration and frequency,
the last of these being most damning. Though the success of
our methods is evident, it is not unqualified. Completely
satisfactory confirmation of our speculations must then rest
in a frustrating limbo of experimental uncertainty just be-

yong our eager grasp.
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