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ABSTRACT

Dielectric relaxation studies of some potential
systems involving molecular interaction particularly
intermolecular and/or intramolecular hydrogen bonding
as well as of some related molecules have been carried out
in which atactic polystyrene and several other glass-forming
media, namely,glassy o-terphenyl, bis(m-(m-phenoxy phenoxy)-
phenyl) ether (commonly known as Santovac®), cis-decalin
and carbontetrachloride were utilized as solvents,.

Sample preparations and the dielectric measurements by the
use of a General Radio 1621 Precision Capacitance Measurement
system with appropriate temperature controllable cells

have been described. The glass transition temperature

(T ) measurements using the Glass Transition Temperature
Measurement Apparatus have also been described. The experi-
mental data as a function of frequency at different tempera-
tures were subject to analysis by a series of computer
programmes written in the APL language, The activation
energy barriers opposing the dielectric relaxation processes

were obtained by the application of the Eyring rate equation.

Different types of polar, fairly spherical, rigid

molecules have been studied mainly to provide sources of



relaxation data and activation parameters for comparison

with those of flexible molecules of analogous size. The
molecular relaiation parameters for these rigid molecules
were found to depend on the size, shape and volume of the
molecules and the nature of the dispersion medium. The
solute concentration has a negligible effect on the molecular
relaxaton parameters but it influences the dielectric loss
factor, €", significantly, At lower .concentration,

the dielectric loss factor increases linearly with the solute
concentration and at higher concentration after a certain
point it begins to decrease towards the value observed for
the pure molecule, This is accounted for by intermolecular

interactions.

Of the flexible molecules, a variety of some
simple almost spherical alcohols, and some long-chain
aliphatic normal alcohols and thiols have been studied in
different glass—-forming media., In the usual concentration
range of polystyrene matrices (V5% by.wt.) no evidence of
intermoleculr hydrogen bonding was found in simple alcohols,
long-chain alcohols and thiols. For simple alcohols
only molecular relaxation was observed. Long-chain alcohols
and thiols exhibited two relaxation processes. The lower
temperature processes were attributed to segmental rotation

involving CH2X movement while the higher temperatures were



respective molecular rotation.. Relaxation due to hydroxyl
group rotation was not found in any case. At higher
concentration molecular relaxation followed by hydrogen

bond breaking and in some cases relaxation for hydrogen
bonded species Wwas observed in G.0.T.P., carbontetrachloride
and polystyrene. As in the case of rigid molecules, similar
effects of solute concentration upon the molecular relaxation
parameters and dielectric loss factor, €'", have been observed

for simple alcohols in carbontetrachloride.

A wide variety of potentially intramolecular
hydrogen bonded substituted phenols has been examined in
cis-decalin, G.0.T.P, and Santovac® and in most cases,
hydroxyl group relaxation was observed., The relaxation
parameters for hydroxyl group rotation were found to be
significantly influenced by the strength of the intramolecular
hydrogen bond but it was virtually independent of the nature
of the dispersion medium as well as the nature of the
substituent at the para-position of the ring. No evidence

for proton tunneling was detected in these molecules.
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CHAPTER I

INTRODUCTION AND BASIC THEORY



I-1 INTRODUCTION

The dielectric absorption approach has been
the subject of considerable interest in dealing with a
variety of problems: studies of (i) the properties and
uses of commercial dielectric materials, and (ii) the
structure and molecular forces in different types of systems.
A vast majority of dielectric studies (1,2) for gaining
information of the molecular structure in dilute solutions
of a polar substance in a non-polar liquid or in pure polar
liquids Has been carried out at microwave frequencies.
Aromatic molecules containing rotatable polar groups have
been studied extensively by the dielectric absorption
technique (3). Information about the dielectric properties
of agricultural materials (4,5) as well as systems of biologi-
cal interest (6,7) have also been the subject of applied
studies in this area, Considerable information has also been
obtained from dielectric absorption measurements of polymers
and their aqueous solutions (8). Dielectric measurements (9)
have provided a sensitive means of investigating the
properties and uses of commercial dielectric materials in

the solid phase.

Dielectric studies of a wide variety of polar

solutes dispersed in non-polar solvents of Varying viscosities



have indicated that the molecular relaxation times are

more sensitive to the viscosity of the medium than

the group relaxation times. Consequently, attempts have
been made to separate the two processes by increasing

the solvent viscosity. In recent years, the dielectric
absorption studies of polar solutes dispersed in poly-
styrene matrices have received considerable attention

in the literature. This method has proved successful for
determining the accurate intramolecular energy barriers
(10,11) which can also be obtained with the other relaxa-
tion techniques.(12). One of the great advantages of

this technique is that for a system with a flexible polar
molecule, where there exists a possibility of simultaneous
molecular and intramolecular processes, the relaxation time
for the former can be increased to such an extent that
either it may be slowed down considerably or may even be
eliminated owing to the high viscous surrounding medium,

so that either or both the processes may be studied
separately. Such a technique appeared more straightforward
in comparison to the dielectric solution studies, since

in the latter situation complications are frequently

met owing to the overlap of the different types of
absorption processes which for their separation require

a Bud8 analysis. In a number of cases, however, the latter

is now known to be unsatisfactory (13). Moreover, the



frequency and temperature ranges accessible to the

solution studies are fairly limited, and hence the relaxa-
tion parameters cannot be deduced with reasonable accuracy.
However, these limitations do not seem to be in the way

of the polymer matrix technique, as different instruments
can be used to cover a wide frequency range of investi-
gations over a broad range of temperature, (i.e. from
liquid nitrogen temperature (v80 K) to the glass transition
temperature of the matrix system). Thus, it seemed that the
polystyrene matrix .technique can be used more reliably for
determining the relaxation parameters comparable to those

determined by other direct relaxation methods.

It is now well established that dielectric
studies of solutes dispersed in a polystyrene matrix are
especially suited to group-relaxation studies and may lead
to the accurate determination of intramolecular relaxation
parameters (energy barriers). Most recently several
other molecular glass-forming solvent systems, namely, cis-
decalin, o-terphenyl, and polyphenyl ether (bis m(m-phenoxy-
phenoxy)phenyl ether, commonly known as Santovac®) have
been used by polymer matrix techniques. Previous works (16)
have demonstrated that the intramolecular enthalpies of
activation do not change appreciably in any of these

solvents.,



The phenomenon of hydrogen bonding, because
of its special significance in the fields of chemistry,
chemical physics and molecular biology, has been of
great interest over the last three decades and has
stimulated a large and growing volume of study. Infrared
absorption and nuclear magnetic resonance spectroscopy
have provided very sensitive means of detecting hydrogen
bond formation and have been extensively employed in both
qualitative and quantitative studies of hydrogen-bonded
systems. These are not the only tools available, and
many other techniques have provided important results.
Each method has its own particular assets and limitations
in its application to hydrogen bonding, and these have
been well described and discussed elsewhere (14,15).
Dielectric absorption techniques are becoming increasingly
important as a means for studying the nature and strength
of hydrogen bonding. Several texts on hydrogen bonding
(14,17,18) and books and reviews on dielectric studies
(1,19-21) contain contributions on dielectric phenomenon
of hydrogen bonding systems. Of particular interest is
the application of relaxation kinetics to these systems
which has recently become an important and promising

experimental technique.

Relaxation studies by various techniques

on hydrogen bonding have been reviewed (22-24) which reveal



the potential of these techniques.

The research work presented in this thesis 1is
concerned primarily with dielectric relaxation studies
of some potential systems involving molecular interaction
particularly intermolecular and/or intramolecular hydrogen
bonding as well as of some related molecules in which
polystyrene and several other glass—-forming medig - are
utilized as solvents. Relaxation studies for these systems
provide Eyring activation parameters for both the
molecular and intramolecular motions which, in turn, can
reveal molecular size and structure as well as the nature

of molecular interactions 1involved therein.

The basic theory, experimental techniques,
sample preparation, and the methods of evaluation of
relaxation parameters from dielectric data are described

in Chapers I and II.

Chapter III describes a study of some fairly
polar, almost spherical, rigid molecules in polystyrene
matrices and for some cases in other glass forming media
too. The molecular relaxation parameters have been found
to vary as the size, shape and volume of the molecules,

and the dispersion medium are altered. The molecular



relaxation parameters for these rigid molecules are used
for the assignment of a particular process in similarly
sized flexible and rigid molecules in different glassy

media in the following chapters.

Chapter IV gives a study of some ‘aliphatic
long-chain primary alcohols and thiols in the usual con-
centration.range of polystyrene matrices (V5 % by wt.).
No evidence for intermolecular hydrogen bonding is found
at the low concentrations employed in this study of

alcohols and thiols in polystyrene matrices.

The study of molecular relaxation of 1,1,1-
trichloroethane, a fairly polar spherical rigid molecule
in another almost similar-sized, spherical non-polar
molecule, carbontetrachloride, is described in Chapter V,
The influence of solute concentration upon the relaxation
parameters, as well as on the dielectric._loss factors, has
been studied and discussed in this chapter. These are
studies of weak molecular interaction and are also useful
in conjunction with other studies on virtually spherical

molecules in the next chapter.

Chapter VI includes the dielectric relaxation

study for some simple, almost spherical alcohols in



different dispersion media at various concentrations.

At normal concentration (V5 % by wt.) no evidence for
intermolecular hydrogen bonding, at moderate concentra-
tion hydrogen bonding in G.0.T.P. and at higher concentra-
tion evidence for polymeric aggregates are found in
polystyrene matrices. tert-Butanol has also been studied
in the pure solid state and in carbontetrachloride solution
at various concentrations. The effect of solute concentra-
tion on the dielectric loss factor and on the relaxation

Ppatameters has been discussed.

Chapter VII describes a study of some potentially
intramolecular hydrogen bonded substituted phenols in
cis-decalin, G.0.T.P. and Santovac® and introduces the
influence of conjugation on -OH group relaxation. In most
of the cases, hydroxyl group relaxation is observed. The
influence of (a) the strength of intramolecular hydrogen
bond, (b) an electron withdrawing group at the para-position
of the ring, (c) bulky tert-butyl group at the ortho-
positions of the ring and (d) the nature of the dispersion
medium upon the relaxation parameters for hydroxyl group
has been discussed. The possibility of proton tunneling

in these substituted phenols and in tropolone is considered.



I-2: BASIC THEORY

The fundamental theories and basic equations
for dielectric absorption techniques are well established.
This is concerned mainly with the polarization and dielectric

absorption due to dipole orientation (9).

When one investigates the properties of
certain capacitors, it leads to the concept of dielectric
constant which is better described by the term dielectric
permittivity. When alternating current is switched on,
the capacitor will have alternating positive charges and
negative charges, and these charges depend on the frequency
of the alternating current. The dielectric constant, or
permittivity €', is a characteristic of the medium between
two charges. It may be defined as the ratio of the field
strength in vacuum to that in the material for the same
distribution of charges. It 1s also given by the ratio
of capacitance C, of a condenser filled with the material

-

to the capacitance Co’ of the empty condenser.

At lower frequencies for most simple molecules,
the measured dielectric constant does not vary with the

measuring frequency and contains contributions from the

-

orientation,.atomic and electronic polarization. In this

3
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frequency range the dipole and the field are in phase and
the measured dielectric constant has the maximum value

and is termed the static dielectric constant, €ye As the

-

frequency is increased up to khe microwave region, the
dipole at some stage lags behind the measuring field and
the resulting phase difference, |S§| between the applied
voltage and reorientation of the dipoles causes a dissipa-
tion of energy known as Joule heating which is measured

by the dielectric loss |e"| defined by:

-

e" = ¢'tan$ I-1

where €' is the real part of the dielectric constant and
tand is the loss tangent or energy dissipation factor, 1In
this high frequency region the dielectric constant becomes

a complex quantity (€*) where:

e* z ¢' - ie" (where 1 = (-1)% I~-2

b e | b ‘E )

F -

Ki e (8 |

; 3 f
) - € 4 12 '1""'J

FIGURE I-1: Relationship between €', €" and tand in the complex

quantity of dielectric constant (e *),



FIGURE I-2:

oAl

€o €’ 3{ \ M% 1\2

Frequency dependence of real (€') and imaginary (e€") parts

of the permittivity in a relaxation region.

At low frequencies, providing that the molecule
is sufficiently small and the retarding force is not
great, the dipole responds instantaneously to the field
variation with time, but as.the frequency is increased,
the motion of the molecules is not sufficiently rapid to
maintain equilibrium with the field variation. Hence,
there is a time lag in the response of the molecules with
respect to the field and the polarization Pt at any time

t- is less than the equilibrium value P, as described

by the equation:
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where T is called the relaxation time of the dielectric,

When T = t:

So the relaxation time may also be defined as the time in
which the polarization is reduced to l/e times its

original value when the field is switched off.

The frequency dependence of the complex
permittivity in the region of dielectric absorption for
a system characterized by a single discrete relaxation time

is given by the Debye equation (25,26):

€ €
€% = g'=i€" = £_ 4 mom—— I-4
@ 1+iwT
. -1 .
where w = 27V = the angular frequency in rad s and Vv 1s

the measuring frequency. Separating the real and imaginary

parts:

and

(aofew)wT

7" —_ —_—
SR Y RES) ¥ I-6



From Equation I-6 it is evident that €" is maximum for

WT = 1 and:

max 2

This is the equation of a circle with the centre lying
on the abscissa. The locus of €' and €" in an Argand
diagram is a semi-circle of radius (eo-sm)/z and 1is

known as the Cole-Cole plot (27).

For many systems these equations may be

satisfactorily valid, but for the systems, where more

than one relaxation process 1s involved in the dielectric

absorption, the analysis of experimental data becomes

more complicated., 1In this case, the centre of the semi-

circle is often depressed below the €'-axis, and the

13

experimental data can normally be represented by an equation

developed by Cole and Cole (27):

g€ = €&
ck = g' - {e" = ¢ 0 @ I-9

® + . =
1+(iwro)1 o

where To is the mean relaxation time and is obtained from:
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where Voax is the frequency at.which maximum absorption
occurs, O 1is the distribution parameters, which may have
values between 0 and 1, while its deviation from zero
measures the distributionof relaxation times. When

o = 0, the Debye equation is obtained.

A number of other functions has been considered for
the non-Debye type of absorption curves. Cole-Davidson
(28) have formulated a function which describes right-

skewed arcs. The equation is given by:

g -€
" =0 oo

= + —— I-10

o) . h

(1+iwT)

where h is a constant which may have values 0ghgl, with
h = 1 corresponding to the Debye equation. This equation
seems to be very successful in representing the
behaviour of substances at low temperature. It is also
often employed to interpret the dielectric absorption for

a relaxation mechanism involving cooperative motion '(29,30).

The most frequently used empirical expression
for non-Debye types of relaxation is the Fuoss-Kirkwood relation

(31) given by:
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n" — 1" p
e’ = e" . sech[Bln(vobS[v )] I-11

max

where Vv is the observed frequency in Hz. and Vv is
obs max
the frequency at which maximum absorption occurs and B
is an empirical constant known as the distribution parameter.
This measures the absorption width and may have values between

unity for a single relaxation and zero for an infinite

range.,

For molecules, which contain a rotatable polar
group, dielectric absorption may often be characterized
by two discrete relaxation times corresponding to molecular
and intramolecular rotations. Bud& (32) considered that
for multiple discrete relaxation processes the complex
dielectric constant could be represented by the superimposition
of overlapping Debye absorptions. Thus, for systems having
two discrete processes with relaxation times Ti1 and T,

the following equations can be deduced:

e' - € C C
— €°° = ‘14 -~ + ______2____2 II-12
o) o 1+ (wty) 1+(wT,)
e" Clwrl Cszz
= ——— ) I1-13
€ - € 1+(wT1) 1+(wT2)



where C1 and C2 are the weighting factors of the two

contributing absorptions and

When Cl/CZ is small, an almost symmetrical Cole-Cole plot
results. The dielectric absorption data for systems with
significant T1/7T2 and C1/C2 ratio may separate wholly

or partially into two distinct absorption regions.

A number of models has been suggested to account

for the mechanism of the molecular relaxation processes.
Debye (25) has suggested a simple relaxation mechanism and
according to his theory each dipole has two equilibrium
positions separated by an energy barrier, AE. In such

a situation the dipoles will oscillate within the potential
minima, and sometimes acquire enough energy to jump the
barrier, but at any instant there are equal numbers of
dipoles occupying each position. If an electric field is
applied, a small excess of dipoles will rotate into more

favourable positions, thus giving rise to polarization.

The Eyring rate theory (33) is often applied
to the reorientation of an electric dipole between two

equilibrium positions. According to this treatment if

16



17

AGE is the free energy of activation for the dipole to

reach the top of the barrier opposing reorientation, then
the number of times such a reorientation occurs per second

is given by the expression:

1/t = (KkT/h) exp (-AGE/RT) I-14

where T is the absolute temperature, h is Plank's constant,
R is the universal gas constant, k is the Boltzmann's
constant and K is the transmission coefficient normally
taken to be 1; this corresponds with the case that each
time the dipolar molecule is excited to the top of the
energy barrier it continues to move in the same direction
to the adjacent minimum position. Thus, the process

is one of relaxation between two equilibrium positions,

but it is commonly referred to as rotation., Using AGE =
AH_ - TASE and taking logarithms the equation I-14 can

E

be rearranged to the following form:

In(TT) = (AHE/RT) + 1n(h/k) - (ASp/R) I-15

where AHE is the enthalpy of activation, and ASE the entropy
of activation for this dipole relaxation process. From

this equation it is evident that a plot of logTT versus 1/T.
should give a straight line of which the slope and the

intercept will lead to the values of AHE and ASE respectively.
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Through a computer program the relaxation time T and the

free energy of activation AGE at different temperatures

can also be obtained.
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CHAPTER II

APPARATUS AND EXPERIMENTAL
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II-1: INTRODUCTION

When a material of dielectric constant €
completely fills the space between the two plates of an
ideal capacitor, the dielectric constant is defined by the

simple ratio:

€ = I1-1

where C is the capacitance when the space is filled with

the material and Co is the capacitance measured when there
is a perfect vacuum between the plates. In fact, € is not
a constant$y it is a frequency dependent complex quantity,

e*, defined as:

gex = g' - ig" 11-2

where i = /-1
If a sinusoidal potential of amplitude E and frequency
w radugl is applied to the capacitor, then the current, I

flowing through the circuit can be expressed as:

I = EwC = EwC0 (e' - 1ie™) I1-3
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In this equation the real component EwCOE', known as the
charging currenty,is 90° out of phase with the applied
potential,and therefore)does not involve any electrical
work. The imaginary component, EwCoa", known as the loss
current, is, however, in phase with the applied potential
and is related to the energy dissipated as heat since it
causes some electrical work to be done given by the dot
product EI = EszOE". Now, if we define ¢ as the angle
between the total current and the charging current axis,
(i4e., the angle by which the charging current fails to
become 90° out of phase with the potential) then:

loss current

€"
tan § = charging current €' -I1-4

where €' is the observed dielectric constant according to
equation II-1 and €" is known as the loss factor, which 1is
directly proportional to the concentration of the polar
material in the dielectric. These are the basic principles

of all dielectric measurements.

Most of the compounds studied for this thesis
were either as pure solid or solutes dissolved in (a) carbon
tetrachloride, (b) cis-decalin: (¢c) polyphenyl ether,

(bis m(m—phenoxy'phenoxy)phenyl:ether), commercially known as
Santovac® (1), (d) glassy o-terphenyl, and (e)

polystyrene matrices. The solutes were either
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solids or liquids., Dielectric measurements were performed
by the use of the General Radio 1621 Precision Capacitance
Measurement System, Actual measurements were made by
bringing the bridge into balance as indicated by the
detector for solutions studied in a variety of 3-terminal
co-axial and parallel-plate capacitance cells., The glass
transition temperature, Tg’ of some of the chemical

systems, were measured by the use of glass transition
measurement apparatus. Both the 3-terminal co-axial cell
and the glass transition measurement apparatus were designed

by Mr. B., K. Morgan of this laboratory.

IT-2: THREE-TERMINAL CO-AXTAL CELL

The 3-=terminal co-axial cells which were used
for this work are illustrated in the following figures
(reproduced by the courtesy of D. L, Gourlay (2)). Figure
II-1 and Figure II-2 present the cross—sections of the 3-
terminal co-axial and parallel plate capacitance cells.
The liquid cell is circular and has concentric stainless
steel electrodes, A and B., Their shape permits the rapid
transfer of heat to or from the solid aluminium case "C",
The undersides of the electrodes are insulated from the
case by a 0.25 cm thick Teflon disk. A 0,50 cm thick

Teflon sleeve insulated the outer circumference of electrode



26

// guard ring

i

oA

G

s o
o g

J

'
’ -

!
@
--—2) >
@
™

centra electrode [M L\outer electrode

FIGURE II-1: Three-terminal coaxial cell

inner electrode 1

t‘u=-q!!l'|l‘l.!!inl}”'
XTI O T 8] Samp 1.
4 | S ¢

" Toumten 4

e — |
outer electrode

® ® g ¢ o o o

FIGURE II-2: Three~terminal parallel plate capacitance cell
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B. The fringe field is practically eliminated by the
presence of the grounded case below and a grounded guard
ring, E, above. The circular Teflon cap, F, fits closely
into the top of electrode B to prevent the escape

of liquid vapours.

The sample can be introduced into the 0.5 cm
gap between electrodes A and B by a disposable pipette.
One and a half ml of sample is sufficient to fill the cell,
To clean the cell, the sample is sucked up with a dropper
and the electrodes are flushed with solvents (first with
acetone and then with cyclohexane) several times. The
electrodes are dried by pushing down cotton swabs into the
filling hole, wiping around the electrodes by wide strips

of cardboard and finally, blowing hot air.

The 1id of the cell, G, is secured to the
case by four recessed bolts, The surface between G and C
is coated with heat conductive grease of the type used with
semiconductor heat-sinks. The outer cell wall is insulated
by a ring of microcellular polystyrene foam which is flush
with the top of G. The insulation has a wall thickness of
5 cm. The cell's underside is also insulated with a 23
cm diameter and 5 cm thick disk of polystyrene. Figure II-2

presents the 3-terminal circular parallel-plate capacitance
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cell which was used for dielectric measurements of samples

dispersed in polystyrene matrices in the form of a solid disk.

Each cell can be rapidly cooled from the top by
conduction through a flat-bottomed, styrofoam insulated,
liquid nitrogen container, Heating balance was accomplished
through a temperature control circuit consisting of a thermo-
couple, and a thermoelectric temperature controller model
3814021133 unit (accuracy Vv+0.1°C) using a nichrome wire heating

element surrounding the cell,

I1-3: THE GENERAL® RADIO BRIDGE

The dielectric measurements for the purpose of
this thesis were carried out with the GR1621 Precision
Capacitance Measurement System which consists of a GR1616
Precision Capacitance bridge with a GR1316 Oscillator and
a GR1238 Detector. This GR1621 system allows measurement
of the capacitance and conductivity of a capacitor very

precisely at frequencies ranging from 10 Hz to 105 Hz.

The GR bridge measures the capacitance and
conductivity of the capacitor, which can be related to the
components of the complex permittivity by the following

equations (3):
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e' = ¢/¢C I1-5
o

and

™M
I

G/wC II-6
(o]

where CO is the capacitance of the empty condenser;
w = 2mv _1is the angular frequency of the applied field in
radian s_1 and Vv is the frequency in kHz,.

Since it is difficult to obtain C, through
measurement in the case of the parallel plate capacitance:¢
cell, C_ may be calculated from the relation (4):

8
c = 0.08842A I1-7
o d
where A is the effective area in square centimeters and
d is the spacing of the plates in centimeters., Elimination

of C0 from these equations gives:

! 4 I11-8
0.08842A
and
1
e" = _8_(_;.. I1T-9
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where C is the capacitance of the cell with the sample in
picofarads and G is the conductivity of the system in

picomhos. ¢€" may be determined either from Equation II-6
or from a combination of Equations II-8 and II-9, if the

values of C0 and A are known.

In order to determine the relevant constants
(CO for co-axial and A for parallel plate cells), both
systems were calibrated by studying samples of precisely
known €' at a given temperature. The coaxial cell was cali-
brated with purified cyclohexane at room temperature., A
quartz disk, supplied by Rutherford Research Products Co.,
of 0,1318 cm thickness and a diameter of 3.819 cm was used
for calibration of parallel-plate capacitance cell,
Calibration studies were also carried out down to liquid
nitrogen temperatures to see if there was any variation
between values of €' determined at room temperature and
those at lower temperatures., Variation was considered

negligible.

II-4: SAMPLE. PREPARATION AND DIELECTRIC MEASUREMENTS

Samples placed in the coaxial cells were pure
liquid or liquid solutions. The solutions were prepared

by adding a given quantity of solute to a required quantity
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of solvent such that the resultant solution had a required
concentration depending upon the magnitude of the dipdle
moment of the solute and, in certain cases, on the solubility
of the solute in the solvent. The cells were then filled

with this solution for dielectric measurement.,

In the case of solutions of polar solutes
dispersed in atactic polystyrene, the samples were prepared
by employing the procedure similar to that described by
Davies and Swain (5). The desired amount of solute
(0.12—0.26) and polystyrene pellets (2.0 g) was dissolved
in V10 ml of l,2-trans-dichloroethylene, in a porcelain
crucible., The mixture was stirred thoroughly until it
dissolved completely, followed by evaporation in a drying
oven and vacuum oven at about 85-100°C, The plastic mass
was then placed in a stainless steel die, heated to "110°C,
pressed by applying a pressure of five tomns, cooled, removed, trimmed
to size and its. average thickness was measured. The weight of the disk
was also noted and the molar concentration of the solute in the matrix

was calculated ‘according to the formula. given.by Tay and Walker (6) as:

wt. .of solute usedAX wt, of disk x 1000
mol. wt., of solute wts of P.S.+ Solute vol. of disk

concentration =

The polystyrene matrix disk was then clamped between the

electrodes of the parallel-plate capacitance cell and the
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dielectric measurement was carried out,

For a chemical system, the dielectric character-

istics of which were unknown, the sample was cooled down

to near liquid nitrogen temperature and slowly heated up

to the glass

conductance

transition temperature while capacitance and

at recorded temperatures were taken periodically.

From the resultant plot of €" or tan § (as calculated from

experimental

data) versus temperature (K) at fixed

frequency (usually 50 Hz and 1 kHz), suspected areas of

dielectric absorption were identified. The system was then

heated again

to room temperature and cooled quickly to some

temperature-. yell below the temperature at which the absorp-

tion process
frequency of
measurements

out so as to

was expected to begin from the lowest
the measurement. Full frequency dielectric
at specific temperatures were then carried

obtain a broad log\)max range as possible. The

temperature was recorded to an accuracy of +0.1°C with

the help of

a Newport 264-3 platinum resistance thermometer.

II-5: ANALYSIS- OF EXPERIMENTAL DATA

measurements

The experimental data, obtained by dielectric

, were analysed by the use of a series of

calculator and computer programs. The programs were written
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in the APL language. The dielectric loss for the pure
solute was obtained by subtracting the loss for the pure
solvent at each frequency from that observed for the

samples solution, that is:

n = g" - "
solute solution solvent

For each temperature, the dielectric loss
values at different frequencies were subjected to analysis
by the Fuoss-Kirkwood equation, (Equation I-11), the linear

form of which is:

cosh—l(—ggiz

)= 2.3038 (1ogvmax— logVv) II-10
By iteration the program (entitled FUOSSK) finds that wvalue
of " which provides the best straight line fit to the

max
plot of cosh_l(s"max/e") versus logv. The slope of the
straight line gave the value of the distribution parameter
(B), and the frequency of maximum absorption (vmax) was

obtained from the slope and the intercept of the line on

-1 .
the cosh axis.,

The Fuoss—-Kirkwood equation does not deal with

the real part of the complex permittivity nor does it
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deal with the limiting values at low and high frequencies,
€, and €, , respectively, except that the total dispersion

is given by the expression:

2€ll
Ae = ¢ - ¢ = - Mmax I1-11

The analysis was thereforegsupplemented with the Cole-Cole
Equation ( I-9 ) to obtain €, 1in conjunction with the
following relation (7) for the value of o, the Cole-Cole

distribution parameter::

1-a

8 = N
' cos(ﬂ%-—“-)-) I1-12

Using the values of €' at various frequencies several
estimates of € were obtained and the average was calculated
along with a value for €' at the frequency of maximum

loss.

The results of the foregoing analysis were utilized
to obtain the effective dipole moments (u) involved in the
relaxation process from both the Debye (8) Equation (II-13)

and the Onsager (9) Equation (II-14):
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[ee]

e = I1-13
4WNC(€'m + 2)2

2700 kT(E:O - £ )

. 900 kT(?eo + e@)(eo - €.) I1-14
4TNCe (g + 2)2
O (o]
where the value of €, 7 %o is given by the Equation II-11,
€' 1is the value of €' at w_ = 1/t = 2mv , € _1is
m max 0 max 0

the static dielectric constant derived from the estimated
average of €_, and Equation II-11, C is the concentration
in mols 1itre_1, T is the'temperature in K, N is the

Avogadro's number and k is the Boltzmann constant. These
equations yield u in units of e.s.u.-cm, but commonly this

parameter is expressed in Debye units, where::
1D = 1x10"18 c.s.ucm

From the observed u-values at different temperatures
extrapolated values of the dipole moment at around room
temperatures were estimated by a separate computer program,
or manually, for comparison with the corresponding litera-

ture values.
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Dipole reorientation was considered as rate
process and the energy barrier opposing the dielectric
relaxation process was obtained by use of the Eyring rate
Equation I-15 , a procedure commonly adapted in dielectric

work (7,10).

AH AS
__E _ E _ h _

The plot of 1ogT% versus 1/T yielded good straight lines
of which the slope and the intercept yielded the enthalpy
of activation and the entropy of activation)respectively,
through .a computer program. The program also provided
the relaxation times (T) and the free energies of
activation (AGE) at different temperatures according to the
Equation, AGE = AHE - TASE.

Cooperative processes usually yielded a bent
(a non-Arrhenius behaviour) curve at higher temperature.
In this case the Eyring activation parameters were calculated
by the limiting slope of the plot logTT versus 1/T at the

lower temperature limits.

Standard statistical techniques (11) have been

employed in fitting the analysis of the experimental data
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with various computer programs which provided different
confidence interval widths for important parameters.viz.,

1og\)_m B, and enthalpies and entropies of activation. -For

ax’
the present purpose, however,.95%Z confidence intervals

were chosen as a good representation of experimental error.

The Fuoss—-Kirkwood parameters, logv , g" s T
: max max
and B, and the results of Eyring analysis have been given

in tables in relevant chapters.

II-6: GLASS TRANSITION TEMPERATURE MEASUREMENT APPARATUS

This apparatus, shown in Figure II- 3 , was
constructed by Mr. B. K. Morgan of this laboratory in
consultation with Dr. N. Koizumi of Kyoto University,
Japan. It detects linear expansion of solid or frozen
liquid samples. Heating the sample N causes the inner
pyrex tube to move upwards relative to the outer pyrex
tube., This movement is transmitted from the cap of the
inner tube to the core of the transducer, C. Movement
of the core causes a change in the electromagnetic
coupling between the input and output coils of the transducer.
The output coil is connected to a strip chart recorder

which displays a rising trace as the sample is heated
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=
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=

Figure 1II-3: Glass Transition Temperature Measurement Apparatus.
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towards the glass transition temperature. Near the glass
transition temperature the trace levels off and then begins
to fall as the sample softens. There are two interchangeable
sample holders with the apparatus. The sample holder S

for the sample solid at room temperature, and N for the

samples which are liquid at room temperature.,

The solid sample was prepared in the form of a
strip roughly 20 mm x 8 mm and 1 or 2 mm thick, The
sample was secured at one end by a small screw in a slotted
rod which fits freely in sample holders. The liquid
sample was poured at room temperature into a disposable
polyethylene cup. The cup was placed in its stainless
steel holder under the central pyrex tube., The central
tube was raised by the cap of the outer tube, to
which it was connected by two sliding rods. It was not
lowered until the sample had been frozen. The sample holder,
sitting within two interlocking circular blocks, M and T,
was cooled rapidly by pouring the liquid nitrogen into
funnel K. When the sample had been cooled to about 40°C
below the expected glass transition temperature,.the
transducer position was adjusted. The temperature of the
sample was then raised manually by raising the digital
temperature setting of the controller in increments of 1°C

per minute, The temperature was recorded with the help of



a Newport 254-3 platinum resistance thermometer and the
temperature was also periodically recorded by hand on the

chart until the glass transition temperature passed.

40
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CHAPTER III

DIELECTRIC RELAXATION PROCESSES OF SOME FAIRLY
SPHERICAL, RIGID, POLAR MOLECULES IN SOME
ORGANIC GLASSES
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IIT-1: INTRODUCTION

A large number of rigid dipolar molecules
has been extensively studied dielectrically in a variety
of solvents and in the pure state. Attempts have been
made to investigate the dependence of dielectric relaxa-
tion time (1) and enthalpy of activation (AHE) upon such
factors as: entropy of activation (ASE), the size and
shape of the polar molecules, volume swept out by the
molecules in the orientation processes, moments of inertia,
the direction of the dipoles within the molecule and also

upon the viscosity of the medium,

In an earlier investigation, Higasi (1) showed
an almost linear dependence of activation entropy upon
the corresponding activation enthalpy for a variety of
organic molecules., He tentatively postulated
that '"the entropy change is zero or has a small negative
value if;AHE is below 13.4 kJ mol-l". Kalman and Smyth
(2) observed the same relationship for the almost -spherical
molecule% 2,2-dichloropropane, 2,2-dinitropropane, camphor,
a-chloronaphthalene, isoquinoline, 2~bromobiphenyl and
acridine in Nujol solution. Davies and Edwards (3) have
also reported a similar relationship between AHE and ASE~

for molecular relaxation processes of polar molecules having
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various sizes and shapes of the types: camphor, anthrone,
cholest-4-ene-3-one, tetracyclone and B-naphthol. This
linear dependence between AHE and ASE may be explained
qualitatively if the activation energy is assumed to be
largely needed to displace adjacent solvent molecules

for reorientation of the solute molecule. Thus, the larger
the energy required for AHE, the greater will be the local
reorganizational entropy. Dicarlo and Smyth (4) studied
4-iodobiphenyl and 2-iodobiphenyl in Nujol and obtained the
activation enthalpies of 31.8 and 25.9 kJ mol—l, respectively.
The 4-iodobiphenyl molecule, having its dipole moment along
the long axis, had a six-times longer molecular relaxation
time than that of the 2-iodobiphenyl. This was attributed
to a greater volume being swept out by the former molecule
in reorienting about its two short axes in comparison with
2-iodobiphenyl, where the principal component of the dipole
lies along a short axis of the molecule and relaxation
occurs predominantly by rotation around the long axis.
Pitt and Smyth (5) demonstrated that for the three rigid
dipolar ketones of fairly similar size and shape,viz.,
anthrone, fluorenone and phenanthrenequinone in benzene
solution, .the phenanthrenequinone had a longer molecular
relaxation time and larger AHE, and this was attributed

to a greater volume being swept out by this molecule.in

orienting about its long axis. Crossley and Walker (6)
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examined three non-spherical rigid molecules: quinoline,
isoquinoline and phthalazine in cyclohexane solution at

323 K. 1In these solute molecules of almost identical size
and shape, the direction of the dipole moment is varied.

It appeared in these molecules that no significant variation
of relaxation time was detectable within the limits of the
accuracy of measurements. Hassell (7) studied fluoro-,
chloro-, bromo~ and iodobenzenes in p-xylene at 258 K and
found the enthalpies of activation as 5.9, 6.7, 8.4 and

9.2 kJ mol“1 respectively., This indicates a slight increase
in AHE with an increase in the size of the molecules. Both
Hassell (7) and Cooke (8), however, found reasonable
correlation between activation enthalpy and volume swept

out by the molecule for dilute solutions of mono-halobenzenes,
o- and m-dihalobenzenes, nitrobenzene, p-nitrotoluene and p-
halotoluenes in p-xylene. Other workers also attempted to
explore the dependence of dielectric relaxation time and
enthalpy of activation upon direction of the dipole moment
within the solute molecule (9), moment of inertia (10) and

viscosity of the medium (11,12,13).

In a recent attempt to investigate the effects
of solvent on the relaxation parameters of a molecule, a

number of solutes has: been measured in a variety of
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glass forming solvents at temperatures below T These

g
solvents are polystyrene, o-terphenyl, bis(m(m-phenoxy phenoxy)
phenyl) ether (Santovac®) and cis—decalin. Extensive studies of carefully
selected dipolar rigid molecules in the -above solvents,: particularly,
in a polystyrene matrix, have been reported (10,13,14,15,16).
Very broad loss curves were observed for numerous rigid

polar solutes, where dipole reorientation necessarily in-

volves whole molecule rotations.

Davies and Edwards (3) studied the spherical:.rigid
dipolar molecule camphor in a. polystyrene matrix in the
temperature range 243-373 K and in the frequency range 5 Hz
to 8.5 GHz., In this temperature and frequency region
they found one dielectric dispersion. The Eyring plot,
logTT versus 1/T for this dispersion was curved, having two
slopes above and below the temperature 293 K. The higher
temperature slope yielded AHE and ASE values of
3.8 kJ mol_1 and 31.4 J K-1 mol_l, respectively, whereas
the lower temperature slope yielded the corresponding
parameters as 21 kJ mol-1 and 25 J K"1 mol_1 respectively.
They also observed that the distribution parameter, (B)
decreased with the decrease of temperature and this decrease

became very pronounced at the temperatures around 293 K,

They concluded from this study that the local molecular
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environment of camphor undergoes some changes at this
temperature from a less rigid to a morerigid form which
deserves further study in detail., Clemett and Davies
(17) studied spherical rigid dipolar molecules -
camphene, camphor and bornyl chloride in the .pure solid
state and also camphor in camphene solid solution. They
obtained very low enthalpies of activation and entropies

of activation for the molecular rotation of these molecules

as.

Camphene Camphor: Bornyl chloride
AHy (kI mol™h) 9.19 7.5 10.5
sy (3 k7 mo1™h) -7.9 12.12 7.9

They also found some evidence that the energy barrier in-
creases with the decrease of temperature and suggested

that this could be explained by intermolecular interaction.
Their Eyring plot was bent which is sometimes an. indication of a
cooperative process. To obtain.a clearcut picture of the
molecular rotation of the above molecules we plan to study
a number of camphane derivatives in detail in polystyrene
matrices and some of the molecules in other media also at
very low temperatures (77-300 K) and at low frequency

(10 Hz - 10° Hz). This study should enable an assessment
of Davies' ~ points that. AHE for molecular relaxation

increases at low temperature. The molecular interaction
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may be assessed by varying the dispersion medium whether
the dielectric parameters change appreciably with the
dispersion medium. Moreover, detailed knowledge of the
molecular relaxation parameters and the associated activa-
tion energy barriers are essential for the assignment of

a particular process in similar =—sized flexible and
rigid molecules in different dispersion media as will

be seen in the following chapters. It is mainly for this
second reason that different types of polar rigid molecules
have been studied which could also provide, at least, a
qualitative interpretation of the activation parameters in

terms of size, shape and volume of the dipole units.
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III-2: EXPERIMENTAL RESULTS

The dielectric measurements of nine spherical
rigid dipolar molecules (listed in Figure III-1) in
polystyrene matrices have been made in the frequency range
of 10 Hz to 105 Hz by the use of a General Radio Precision
Capacitance bridge, the procedure being described in
Chapter. II, In some of the cases other media are also
used, viz., GOTP,.SV, CC14, etc. All the molecules were
commercially available with sufficient purity and were

dried prior to use.

Figures III-la to III-9%a: show the sample
plots of dielectric loss, €" versus T (K) for the
dipolar molecules in the medium mentioned. Sample plots
of €" versus logV are shown in Figures III-1b to III-9b
while Figures III-lc to III-9c. presents the Cole-Cole
plots for these molecules in their respective dispersion
regions. Sample plots of logTT versus 1/T for different
molecules in the mentioned medium are also presented in

Figures III-1d to III-9d.

Table III-1 lists the values of Eyring analysis
results, AHE, ASE, along with AGE and T values at 100 K,

150 K and 200 K for each system. Experimental values
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of T, logv B and snmax at various temperatures obtained

max’
for these molecules from the Fuoss~Kirkwood analysis together
with the values of € and the experimental dipole moments

are listed in Table III-2., The following symbols are

employed where appropriate:

P.S. — Polystyrene matrices

G.0.T,P, - Glassy o-Terphenyl

SV .- Santovac® (bis(m(mphenoxy-phenoxy)phenyl)ether
AT(K) - Temperature range in the absolute scale

B-range - Range of variation in the Fuoss-Kirkwood distribu-
tion parameters.

AGE - Eyring free energy of activation in kJ mol_1
AHE - Eyring enthalpy of activation in kJ mol_1
ASE - Eyring entropy of activation in J K—1 mol_1
v = frequency in Hz

T - relaxation time in seconds (s)
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FIGURE III-1 continued...
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ITI-3: DISCUSSION

1. Norcamphor

This compound has been studiéed in four different
media, viz., CCl4, P.S., G.0.T.P. and SV. 1In all the media
except CCla, the B value ranges between 0.15-0.21 which
is consistent with the values obtained for molecular rotation
of different rigid molecules in various media (10,14,13,15).

In CCl, the B value varies between 0.28-0.37 which seems

4

a little high.for molecular rotation. The relaxation time, T

in the four different media at 100 K increases in the

< P.S. < G.0.T.P. < SV (6.6x10° ° s, 1.3x107° s,

4

order CC1
5

4
5.4x10° s, 2.7x10 ' s). The free energy of activation at
150 K also increases in the same order 12, 14, 15 and 16
kJ mol_l. The enthalpies of activation are 17 (in CC14),
15 (in P.S.), 17 (in G.,0.T.P.) and 19 kJ mol ™! (in SV).
The corresponding entropies of activation are 29 , 12, 16
and 25 J K-l mol-l, respectively. Kashem (13) studied

a good number of different molecules in P.S., G.0.T.P. and
SV and compared the relaxation parameters in these three
media. He found that the T, AHE and AGE for molecular
rotation of different rigid molecules in these media

increase in the order P.S. < G.0.T.P. < SV, He suggested

that this difference may be due to the difference in the
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viscosity of the dispersion medium. Our results for nor-
camphor in the four different media follow the same order
suggesting the lowest viscosity 1in CCl4. The slightly higher
B and ASE values in CCl4 may be due to the similar size

and shape of the dispersion medium, CCl4, As both the

solute and dispersion media . are of the same size and spherical,
at the time of rotation of norcamphor, a small range. of
environment 1is encountered by it at any one temperature.
Moreover, any kind of rotation of the solute may easily cause
some disorder. 1in the system. The slightly fut

higher value of AHE in cc1, in comparison to P.S. 1is not

beyond the error limit.

2, Camphor

This compound was studied previously inapolystyrene

matrix by Davies and Edwards (3).and in the pure solid state
by Clemett and Davies (17). In polystyrene, the dielectric
dispersion was found in the GHz region between the temperature
253-373 K. They found the Eyring plot logTt versus 1/T
bend having two slopes where the lines intersect at 293 K.

The enthalpies of activation calculated from these slopes
were 3.8 and 21 kJ mol—l. The corresponding entropies of

1 -1

activation were 31.4 and 25 J K = mol ) respectively. The

range of their B-value was 0.78 (at 342 K) to 0.44 (at 243 K).
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From this change of B-value with the temperature they

suggested that there is some change in the local arrangement

of the solute molecule at the lower temperatures. 1In

solid state studies the activation enthalpy and entropy

were found to be 7.5 kJ mol-1 and 12.1 J K_1 mol_l, respectively.
They found that the AHE value and the distribution of re-
laxation time increases with the decrease of temperature,

These were attributed to the increasing degree of -

molecular interaction in the solid state as the temperature

falls.

Present dielectric studies of this molecule in a
polystyrene matrix shows only one relaxation process
in the temperature range 89-108 K. The Eyring plot logTTt
versus 1/T which is a clear straight line (Arrhenius behaviour)
yields the activation enthalpy 18 1.1 kJ mol_l, activation

entropy 18 +11.3 J K--1 mol-l, activation free energy at

100 K, 17 kJ mo‘l_1 and the relaxation time, T at 100 K

2.2x10“4 s. The R-value found for this relaxation is in the
range 0.19-0,22 which is in good agreement with the
literature value for molecular rotation of various molecules
in P.S. (10,14,15). Our relaxation parameters are higher
than those of Davies et al. This is in agreement with

their observations that the AHE value increases with the

decrease of temperature. The enthalpy of activation for
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camphor is slightly higher than that of norcamphor which 1is
reasonable in terms of size. Moreover, our enthalpy of
activation for camphor is in reasonable agreement with the
enthalpy of activation of the almost. similar-sized molecule,
cyclohexanone, 18.,7.and 19 kJ mol_1 for its molecular
rotation in P.S. matrices, obtained independently by Singh

)

(18) and Davies and Swain (19), respectively.

3., Camphene

This molecule was previously studied by Clemett
and Davies (17) in the pure solid state in the temperature
region 253-373 K, they found molecular relaxation in the GHz
range with an enthalpy of activation 9.2 kJ rnol_1 and entropy
of activation =-7.19 J K_1 mol-l. In this molecule also,
as in camphor, they observed the increase of AHE and
distribution of relaxation time with the decrease of tempera-

ture due to the increasing degree of molecular interaction

in the solid state as the temperature falls.

The present dielectric study of camphene in a
polstyrene matrix shows one relaxation process in the region
95-109 K, The B-value (0,18-0.22) obtained for this
relaxation is reasonable for molecular rotation in the poly-

styrene matrix., The Eyring activation parameters obtained
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for this molecule are AHE = 21. *2 kJ molnl, ASE = 40-

£20 J K~ Y mo1”Y, 1 = 5.8x10" % s and AG, = 17  kJ mol™ ! at
100 K, respectively. These parameters are much greater

than the Davies (17) parameters which supports .their points

of increasing moleculr interaction at the lower temperatures.
Within experimental error, these parameters for camphene

are comparable with the corresponding parameters for
molecular rotation of camphor in a polystyrenme matrix. This

is reasonable in consideration of the size of the two

molecules.

4, 5-Norbornene-2-carbonitrile

For this molecule the dielectric relaxation in
polystyrene matrices was observed in the temperature range
113-138 K. The PB-value obtained for this relaxation is 0,13-
0.18 which is reasonable for molecular motion in a P.S. matrix.

From the Eyring plot 1ogTT versus 1/T the activation parameters

were found to be AH_ = 24- *1.7 kJ mol
E
3 K" mo1™h, mey = 22 kI mol™! and T = 1.9x107' s at 100 K,

, ASy = 16 14

respectively, The relatively higher value of AHE and the
other parameters for this molecule in comparison to norcamphor
(see Table III-1 ) is in harmony with its size. owing to the
presence of bulky -CN group. The AHE value for this

molecule is comparable to the activation enthalpy 22 kJ mol_1
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obtained for molecular rotation of the almost similar-sized
rigid molecule benzonitrile in a polystyrene matrix (15).
Kashem (13) studied benzonitrile in a more viscous medium,
G.,0.T.,P. and SV and obtained the enthalpies of activation
for molecular rotation as 27 and 29 kJ_mol-l, respectively.
All of these values are in reasonable agreement with our

value for 5-norbornene-=2-carbonitrile.

5. 3=-Chloro-2-norbornanone

One dielectric dispersion is found for this
molecule in a polystyrene matrix in the temperature range 104~
122 K. The low B-value 0.16-0.18 for this rotation coincides
with the B-values of other molecules for their molecular
rotation in polystyrene matrices, The Eyring plot logTTt
versus 1/T yields the activation parameters as AHE = 21
$1.4 kI mol ™', AS_ = 22 £12.8 J K " mol ', AGy = 19 kJ
mol™! at 100 K and T = 3.2x10 > s at 100 K. The AH, and
other parameters are slightly higher than the corresponding
parameters for norcamphor (see Table III-1). This 1is
reasonable on the grounds of its larger size owing to:dts
one chlorine atom at the adjacent carbon of the keto group.
The activation enthalpy for this molecule .is comparable to

the activation enthalpy 16.3 kJ mol_l obtained for molecular

rotation of the almost similar-sized molecule)o—dichlorobenzene
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in polystyrene by Davies et al (19) within the experi-

mental error.

6. Camphoroquinone

This molecule is very similar in shape and size
to camphor except one excess keto group at the 3-position.
The dielectric relaxation for this molecule is found in the
temperature range 103-121 K in the polystyrene matrix. The
Fuoss-Kirkwood analysis yields the B-value for this relaxa-
tion as 0,18~0.20 which represents the wide distribution
of relaxation time like most other molecular relaxation processes.
The Eyring analysis yields enthalpy of activation .and
entropy of activation as 20 1.6 kJ mol™ ! and 7 #15

K-l -1

J mol =, The free energy of activation and relaxation

time, T at 100 K are found to be 19 kJ mol—1 and 5.5}{10_3 S.
Within the limit of experimental error, all of these parameters
are comparable to our similar sized,rigid camphor molecule
parameters (Table III-1). A slightly higher value for
camphoroquinone is in harmony with its slightly larger size

owing to one oxygen atom more in camphoroquinone.than in

the camphor.

7. exo—-2-Bromonorbornane

Dielectric relaxation for this molecule in a
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polystyrene matrix is found in the temperature range 90-109

K with a low B-value 0.14-0.16. The Eyring plot logTtT versus
1/T yields the enthalpy of activation and entropy of activation
as 22 2.8 kJ m‘olm1 and 47 %27 J K_1 moln1 respectively.
The free energy of activation .and the relaxation time, T,

at 100 K are 17 kJ mol—land 4.%d0_45. Mazid (15) and Kashem
(13) studied the almost similar-sized,-rigid molecule sbromo— =

benzene in polystyrene, G.0.T.P. and SV. For molecular
rotation of bromobenzene in these three media they found

the free energy of activation and relaxation time at 100 K

and the enthalpy of activation as 17.3 kJ mol_l, 5.5}{10_4 S,

16 kJ mol™ ! (in P.S.) 20.7 kJ mol™ Y, 3.3x107% s, 17.4 kJ mol !

(in G.0.T.P.) 20.1 kJ mol_l, 1.6x10"2 s, 18.2 kJ mol™ ! (in
SV), respectively. Within the limits of experimental error,
our relaxation parameters for 2-bromo norbornane are compar-
able to the corresponding parameters for bromobenzene in a
polystyrene matrix. Moreover, the higher parameters for 2-
bromo norbornane is not unreasonable in comparison to our

norcamphor results (see Table III-1 ) in terms of size as

the bromine atom is much larger in size than the oxygen atom.

8. 1-Fenchone

This compound is very similar in size and shape

to camphor except that the two methyl groups of the bridging
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carbon are linked to the adjacent carbon of the keto group.
This molecule has been studied in polystyrene, * -G.0.T.P.

and CC1,. The dispersion region in the polystyrene matrix
is 110-126 K and in G,0.T.,P, is 117-135 K. The f-value
obtained in both the medium is in the range 0.17-0.19. The
enthalpy of activation in polystyrene is 23 and in G.O0.T.P.
20 kJ mol"'_l which are almost the same within the limits of experimental
error. The relaxation time and activation free energy at
100 K are 1.4}:10—2 s and 20 kJ mol_1 in polystyrene and
3.3x10—2 s and 21 kJ mol_1 in G.0.T.P. These values

are also comparable within the error limit. The slightly
higher values of relaxation parameters for l-fenchone

than those of our camphor parametérs (see Table III-1) may be due to

some larger volume swept out by this molecule in its rotation

than the camphor. Almost similar values in relaxation
parameters in different dispersion medium support . the

Davies points of molecular interaction in solid state (17).

The dielectric dispersion of this molecule in

CCl, is found in the temperature range 128-145 K with a

4
B-value 0f 0.21-0.40. The dielectric loss, €" wversus logV
gives a very broad asymmetric curve with half width 4-6-

decades of frequency (Figure III-8b"). The Cole-Cole plots

are semi-circular and the process is.not sensitives to

the variation 'of temperature. R
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The Eyring plot 1logTT versus 1/T gives a straight line
(Figure III-8d"). The activation enthalpy, and entropy values obtained

-1 -1

from this plot are 54 kJ mol_1 and 226 J K mol The

free .energy .of activation and the relaxation time at 100 K
for this dispersion are 31" kJ mol_1 and 6.8x103 s. The
activation enthalpy and entropy are fairly high for the
molecular process, but it is reasonable for the cooperative
process. The relaxation time and AGE values are also

high which is usual in the case of the ‘cooperative process,
Moreover, the higher B-value, 0,21-0,40 1is not in favour
of the molecular process which is usually within the

range of 0.1-0.28 for a molecular: process. From all these
considerations the relaxation of l-fenchone in CCl4 may

be assigned as a cooperative process although the half-width
of €" versus logVv curve and logTT versus 1/T plots does
not clearly indicate the cooperative phenomenon. The
cooperative process at such a low temperature may be

possible owing to the similar shapeszand sizes of both the solute

and solvent molecules,: .

9., 3-Methylene-2-norbornanone

This molecule, similar in size to l-fenchone,

was studied in a polystyrene matrix, and theadielectric’

dispersion was found in the temperature range 110-124 K.
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The B-value for this dispersion 1is low and ranges between
0.17-0,20 as for other rigid- molecules in a polystyrene

matrix for molecular rotation. The Eyring plot logTT

versus 1/T yields the enthalpy of activation and entropy of
activation as 24 kJ mol—1 and 36 J K-1 mol-l. These
values are comparable to our l-fenchone values in poly-
styrene matrix (see Table III-1). The relaxation times

(1) and the free energy of activation at 100 K are 9.3x10_7 s
and 20 kJ mol_l. These values are also in good agreement
with our l-fenchone values. All these relaxation parameters
are fairly high in comparison to our norcamphor parameters,
This is reasonable in consideration of the swept volume on relaxation
of the molecules., As there is a methylene group at the

adjacent carbon atom of keto group, its swept.voiume should

be higher than that of norcamphor.

The nine spherical,rigid,polar molecules studied
in polystyrene matrices -do not. have appreciable differences
in their size and shape. The only variation is in the polar
group.. The B-value varies for these nine molecules between
0.13-0.22, The enthalpy of activation varies from 15-24
1

kJ mol—l. The activation entropy ranges between 7-47'J K

-1 . . . . .
mol while the activation free energy and relaxation time

5 1

at 100 K varies between 14-22 kJ mol * and 1.3x10 > - 1.9x10"

s, respectively, The variations in these relaxation parameters
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are not appreciable owing to their similar size and shape.

It is notable that in systems of similar character, there
has been frequently a correlation between the activation
enthalpies, AHE and entropies, ASE as has been found by
many workers (1,3,6,10,13,15). 1In our case this correlation

does not hold, The linear AHE—AS relationship is reasonable

E
for anyseries of molecules when the shape is quite similar
and the inclination of the dipole to the principal axis

is quite similar. It is also necessary to point out that
there is no absolute significance of the activation entropy
determined by the Eyring expression since the pre -exponential
factor cannot be fully justified. As Davies and Edwards

(3) say, "the Eyring entropy terms AS*E are best regarded

as empirical corrections (exp(ASE/R)) to a predetermined
frequency value (kT/h) in the rate equation.'" Therefore,

the breakdown of a single linear AHE—ASE relationship would
not be surprising for a wide variety of dipolar molecules.
The low values of distribution parameters 'B' for all the
rigid dipole molecular motion in polystyrene matrices agree
well with the observations by Davies and Edwards (3),

Davies and Swain (19), Khwaja (10), Mazid (15) and Kashem

(13) for a series of rigid molecules in polystyrene, G,0.T.P.

and SV. The enthalpy of activation also increases with the

size of the molecule. The results of these nine camphane
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derivatives support the Davies' points (17) that the activa-
tion enthalpy increases with the decrease of temperature.
Our activation enthalpies are much higher than those

of Davies et al (3,17) but may be accounted for by the

study being at much lower temperatures (and lower frequencies)
when the matrix has contracted and the molecular interaction
between the solute and the dispersion medium is greater.

The similar relaxation parameters in different dispersion
medium also support their points of increasing degree

of molecular interaction as the temperature falls.

In one point we differ from them in that they observed an Eyring
plot of non-Arrhenius behaviour having two clearly

distinct slopes but in our case only one straight line was

obtained (Figure III-24d).
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TABLE III-2:

T (K)

10%1 (s)

70

Fuoss-Kirkwood Analysis Parameters, ¢, and Effective

Dipole Moments

in Organic Glasses

(u) for some Spherical Rigid Molecules

logvma

X

0.69 M Norcamphor in a polystyrene matrix

80.0
81.4
82.7
84.3
86.6
89.5
92.4

95.0

1659
1106
772
438
282
131
62,7
36.1

1.98
.2416
2,31
2.56
2.75
3.08
3.40
3.64

0.17
0.17
0.17
0.17
0.18
0.17
0.18
0.19

4.1 percent (wt/wt) Norcamphor in G.0.T.P.

84.5
86.1
87.7
89.6
92.0
93.9
96.6
100.0

2913
1519
1062
652
368
239
114
51.0

1.74
2.02
2.18
2.39
2.64
2,82
3.15
3.49

0.15
0.18
0.17
0.17
0.18
0.18
0.18
0.19

5.3 percent (wt/wt) Norchamphor in Santovac

93.0
95.8
97.5
99.2
102.0
104.3
107.7

3.7 M percent Norcamphor in

1490
810
530
367
194

96.9
43.5

2.03
2.29
2,48
2.64
2,91
3.22
3.56

0.19
0.19
0.19
0.19
0.20
0.19
0.21

Carbontetrachloride

O O WO CO e
AR OWOVUSPWN
L]
U000 Ww ke

481
386
310
200
95.2
57.9
33.3
19.9

2.52
2.61
2,71
2.90
3.22
3.44
3.68
3.90

. [ 3

CO OO OOOO0
L]
NWWWwWwwww

OO MS~POO N

107 ¢"

43.9
44,8
45.5
46.6
47.8
49.0
50.4
51.9

16.4
16.9
17.3
17.7
18.3
18.7
19.1
19.8

30.5
31.5
32,1
32.6
33.4
34,0
35.3

10.9
11,2
11.3
11.5
12.0
12.2
12.6
12,7

max co

2.99
2.99
2.99
2.98
2.99
2.96
2.96
2.97

u (D)

1.05
1.07
1.08
1.11
1.11
1.17
1.18
1.18



TABLE III-2:

T (K)

0.45 M Camphor in a Polystyrene Matrix

1097 (s)

continued...

log \)ma

89.8
93.4
95.7
97.8
100.7
103.9
105.3
108.0

1.31 M Camphene in a Polystyrene Matrix

2596
1132
640
386
210
86.9
64.3
35.8

1.79
2,15
2.40
2,62
2.88
3.26
3.39
3.65

94.8
97.5
98.0
100.8
102.8
104.6
106.6
108.6

0.91 M 5~Norbornene-2-Carbonitrile in a

1851
895
950
486
286
200
103

68.8

1.93
2.25
2,22
2.52
2.75
2.90
3.19

3.36

0.19
0.19
0.19
0.20
0.20
0.20
0.21
0.22

L] *® e & o
N = NN
NOWWOWLOWOWOOO

eNeoNeoNaNoNaNaNe]

Polystyrene Matrix

10

€"

max

44,8
47.1
48.2
49.4
50,7
52,2
52.8
54.5

* [ .

LR SR S SR S R S RS oY)
L]
LwNhNFEF OO ®

113.6
115.6
117.8
120.,5
123,1
126.6
130.5
135.0
138.1

6565
2920
1799
1211
759
394
206
83.9
46.7

1.38
1.74
1.95
2.12
2,32
2,61
2.89
3.28
3.53

0.13
0.15
0.15
0.15
0.15
0.16
0.17
0.17
0.18

52,7
53.7
55.1
56.5
57.6
59.2
61.1
62,7
64.4

[ ]

2.75
2.74
2.74
2.75
2.74
2.73
2.73
2.74

2.92
2,93
2.91
2.91
2,91
2.91
2.91
2.91

3.00
3.03
3.03
3.02
3.01
3.02
3.04
3.02
3.02

71

u (D)

1.38
1.44
1.48
1.47
1.52
1.57
1.55
1.55

0.24
0.25
0.26
0.26
0.27
0.27
0.28
0.27

1.33
1.26
1.29
1.32
1.35
1.35
1.34
1.39
1.38



TABLE III-2:

T (K)

106T(S)

continued...

logv
g~ma

3.m

107 ¢

0.49 M 3-Chloro-2-Norbornanone in a Polystyrene Matrix

104.2
106.2
109.1
111.5
113.4
115.4
117.4
119.7
121.5

0.32 M Camphoroquinone in a

999
644
359
236
167
91.6
60.0
38.7
28.2

2,20
2.39
2,65
2.83
2.98
3.24
3.42
3.61
3.75

Polystyrene Matrix

0.16
0.16
0.17
0.17
0.17
0.16
0.17
0.17
0.18

102.8
105.2
107.7
110.0
111.4
113.0
115.8
117.4
118.8
121.4

2279
1532
975
655
451
333
202
129,
94.2
56.6

1.84
2,02
2.21
2.39
2.55
2.68
2.90
3.09
3.23
3.45

0.18
0.18
0.18
0.18
0.18
0.19
0.19
0.19
0.19
0.20

34.0
34.7
35.7
36.4
36.8
37.3
38.0
38.7
39.9

44.0
45,2
46.3
47.1
47.8
48.5
49.6
50.1
50.6
51.7

0.40 M exo-2-Bromo-Norbornane in a Polystyrene Matrix

90.9
92.7
94.9
97.6
99.2
101,2
102.9
104.9
107.0
109.3

1551
1224
849
471
363
257
188
113
65.0
40.6

2.01
2.11
2.27
2,53
2.64
2.79
2.93
3.15
3.39
3.59

0.16
0.15
0.15
0.15
0.15
0.15
0.15
0.14

‘0,14

0.14

10,0
10.2
10.5
10.8
10.9
11.1
11.3
11.4
11.7
11.9

o

3.04
0.03
3.04
3.03
3.03
3.01
3.02
3.01
3.02

2.97
2,97
2,97
2.96
2.95
2.96
2.96
2.95
2.95
2,95

3.00
3.00
2.99
2.99
2.99
2.99
2.99
2.98
2,97
2.97

72

u (D)

1.28
1.31
1.31
1.33
1.35
1.42
1.40
1.43
1.41

1.71
1.75
1.79
1.83
1.85
1.83
1.87
1.90
1.92
1.91

0.74
0.78
0.80
0.82
0.83
0.85
0.87
0.91
0.93
0.95



TABLE III-2: continued...

T (K) 10%7 (s) log v B

max

0.50 M 1-Fenchone in a Polystyrene Matrix
110.1 968 2.22 0.17
111.1 758 2.32 0.17
112.8 518 2,49 0.17
114.5 366 2,64 0.17
116.1 275 2,76 0.18
117.9 206 2.89 0.17
120.8 98.1 3.21 0.17
123.4 55.0 3.46 0.18
126.5 31.0 3.70 0.19
2.9 percent (wt/wt) 1-Fenchone in G.0.T.P.
117.9 707 2.35 0.18
119.4 522 2,48 0.17
121.4 392 2,61 0.18
123.6 277 2,76 0.18
125,7 206 2.89 0.18
129.0 101 3.20 0.17
131.6 75.9 3.32 0.18
135.3 45.4 3.54 0.19

5.1 M percent 1-Fenchone in

Carbontetrachloride

10

128.0
129.8
132.0
134.5
137.4
140.0
141.7
144,7

4453

1856
917
326
111
45,3
26.0
13.0

1.55
1.93
2,24
2,69
3.16
3.55
3.79
4.09

0.21
0.23
0.23
0.25
0.28
0.32
0.35
0.40

S"

25.5
25.7
26.1
26.5
26,9
27.1
27.7
28.3
29.0

NN DNDNDNDNMdDNDDNODN
e e o o o o o
(2N« NV, BLE, I L s SN OF I U4

30.9
32.4
33.9
35.3
36.3
37.3
37.9
38.8

(o]

2.98
2.98
2,98
2.97
2.98
2.97
2.96
2.96
2.97

73

u (D)

1.12
1.13
1.15
1.16
1.15
1.20
1.23
1.22
1.21



TABLE III-2:

T (K)

1.28M 3-Methylene-2-Norbornanone in a Polystyrene Matrix

1087 (s)

109 \)max

continued...

B

38“

max

110.4
112.8
113.4
116.0
118.4
120.5
122.6
125.0

1156
671
597
343
224
125
81.7
47.8

2.14
2,38
2.43
2.67
2.85
3.10
3.29
3.52

0.17
0.17
0.18
0.18
0.18
0.19
0.18
0.20

59.6
60.7
61.2
62.6
63.8
64.7
65.5
67.3

[o o}

2.73
2.73
2.74
2.73
2.73
2.74
2,71
2,74

74

u (D)

1.09
1.12
1.09
1.12
1.14
1.13
1.18
1.14
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CHAPTER IV

DIELECTRIC RELAXATION OF SOME LONG-CHAIN
ALIPHATIC NORMAL ALCOHOLS AND THIOLS IN
POLYSTYRENE MATRICES
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IV-1: INTRODUCTION

Because of the possibility of medium strength
hydrogen bonding between adjacent molecules, alcohols
present a complex and interesting problem in dielectric
studies which has been extensively studied by a variety
of methods. The first considerable dielectric investi-
gation of alcohols was carried out by Mizushima (1) and
discussed by Debye (2). Subsequent high frequency measure-
ments indicated two or more absorption regions (337).

By using low temperatures, Cole and his co-workers (8-11)
were able to bring the dispersion of a few alcohols into
the region of audio and radiofrequencies. With the almost
continuous coverage of the spectrum they were able to
distinguish three separate dispersion regions, all of

the Debye-type.

The long chain alcohols, both primary and
secondary, show pronounced absorptions in the solid phase,
usually below 1 MHz (12-19)., The crystalline alcohol shows
a larger permittivity than the liquid at the freezing point,
which suggests that the chain-association of hydroxyl groups
already present in the liquid is further extended by align-
ment in the solid. Sack (20) proposed that the strong

dipolar absorption is the result of a reversal of such a
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giant dipole by rotation of the individual hydroxyl groups
about the C-0 bonds, accompanied by the breaking and re-
forming of the hydrogen bonds, and without appreciable

movement of the rest of the molecules:

\o———H'e ; s\)———'H'- . \o——Hf;—__iﬂu—-o/ ¢ He— oK H-—-—-O'/"

Meakins (21) studied the dependence of the
absorption upon the length of the *<+0——He+++ chain and
found that the absorption is in its major aspects independent
of the length of the individual alcohol molecules, but there
is a marked difference between the primary and secondary
alcohols having the activation energies 6.28 and 25
kJ mol._1 respectively., This may well result from the head
to head layer lattice of the primary alcohols (22), which

provides the hydroxyl groups with additional bonding sites

(i.e. (a) and (b))

e e e
VE - SRR, T
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In the secondary alcohols only the one sequence (a) of
hydroxyl group interaction is present,

\ N\

0—H--- 0——H=-~- 0—H

Daniel (23,24) proposed that the dielectric properties of the
long-chain secondary alcohols were due to the presence of
chains of hydrogen bonds in conjunction with some kind of

structural flaws.

Now it is reasonably well established that the
dielectric dispersion of primary aliphatic alcohols in
the pure liquid form, over a wide temperature range, may
be characterized by three relaxation regions with the low-
frequency process dominating (8,10,11,25-28). The high
frequency processes (T2 & T3) which provide relatively small
contributions 1in the pure liquids become increasingly
important, or alternatively the contribution from the low-
frequency process (Ti1) decreases, on dilution with an inert
non-polar solvent (29-31), For alcohols with a sterically
hindered —-O0H group the low=frequency process is either
very small or completely absent in the pure ligquid (32-34),
and in an inert solvent the absorption may be represented

by the T2 and T3 processes only (31,35).
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The highest frequency process (T3) is only
slightly dependent on molecular size and alcohol concentra-
tion (25,31) and is of the same magnitude as that found for
-0H group rotation in phenols (36,37). The fact that this
process largely dominates the absorption of alcohols at
very low concentrations suggests that the dipole orientation
of alcohol monomers occurs primarily by =—OH group rotation
about the C-0 bond in monomers rather than by whole molecule

rotation.

The intermediate relaxation time, T2, has been

accounted for by monomer or OR group rotation (10,25).

Dannhauser (32) examined eight liquid isomeric
octanols in a wide temperature range from -90° to 130°C
and proposed a model based on hydrogen-bond associative.

equilibrium involving both ring dimers

R and linear
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chain multimers.. Crossley et al (31) considered that for
dilute solutions of alcohols with a sterically hindered

-0H group, T2 is due only to the monomer rotation. In
view of the increasing T2 and its relative contribution

c, with increased alcohol concentration they suggested that
these quantities are no longer descriptive of monomeric

molecules alone but are weighted averages of the values for

the monomer and one or more polymers.

The Debye-like (25) long relaxation process (T1i)
is undoubtedly due to a mechanism which is sensitive to the
steric environment of the hydroxyl group since it is not
evident for the more hindered octanol (31,34). The molecular
size dependence of T1 and its magnitude (25) suggest that
rotation of associated molecular units might be responsible,
However, if association is into linear chains the great
distribution of sizes for such species would give rise to
a distribution of relaxation times conflicting with the
Debye~like nature of this dispersion (38). For many years,
the dielectric relaxation of alcohols has been interpreted
in terms of hydrogen-bond rupture followed by rotation of
monomers, where the former is the rate determining step,
the required energy being interpreted as the activation

enthalpy for dielectric relaxation (27,33,39)., An objection
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to this theory has been put forward by Sagal (40) who

found the relaxation frequency to be influenced by

dilution of the alcohol with an apolar solvent, Another
difficulty offered by this theory 1s that it cannot explain
that the activation enthalpies of the various monoalcohols
differ greatly.as has been pointed out by Middelhoek

(41,42) who determined activation enthalpies varying between

33 and 65 kJ mol—1 for the straight-chain isomeric heptanols,

In a study of 6-, 4- and 2-methyl-l~heptanol,
Dannhauser and Flueckinger (43) proposed that in dielectric
relaxation hydrogen-bond rupture is a prerequisite rather
than a rate determining step. A particular hydrogen-bond
will break and reform many times without the reorientation
of either the donor or acceptor molecule, Because the
local liquid alcohol structure remains, on average, chain
associative, the dipolar reorientation is necessarily co-
operative and occurs relatively seldom. When it does occur,
the rate of reorientation depends upon the size and shape
of the entire molecule insofar as this determines the
interaction of a specific molecule with its surroundings
and also because the structure of the molecule determines
the nature of the surroundings. The more highly branched
the alkyl group and the more sterically hindered the -0H

group, the greater the required degree of co-operation,
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A highly polar cyclic tetramer (44) has satis-
factorily accounted for the dependence of Ti upon molecular
size, the absence of any distribution of relaxation times,
the larger polarization (32), and if steric effects prevent
the association of monomers into multimer other than
dimers, the absence of low-frequency process (31,32) and
the small polarization for the hindered octanols (32),
Maleki (45) ©proposed another model of association
into a mixture of dimers, trimers, tetramers and
pentamers and concluded that trimers are cyclic while

tetramers and pentamers are open-bonded units.

In contrast to the multiple relaxation processes
of primary aliphatic alcohols in dilute benzene (46) and
n-heptane (31) solutions, the dielectric absorption of the
same alcohols in p-dioxane solution shows a symmetrical
distribution of relaxation times with a short mean relaxation
time attributable to strong solute-solvent complex
formation (46). Crossley (47) examined the dielectric
relaxation of some isomeric butanols and l-decanol in p-
xylene, cyclohexane and mesitylene solutions at 25°C: ovér

the range 1-35 GHz. The data for the concentrated solutions



124

separated into two dispersion regions and were

analyzed in terms of two relaxation times, both of which
are sensitive to the nature of the solvent and solute and
their concentration., The author attributed the relaxation
times to molecular and -OH group relaxation processes, and
found that their magnitudes and weight factors are
dependent upon the relative importance of solute-solute

and solute-solvent interactions.

Thus it is clear that the alcohols have been
most extensively studied, but still thereare seme wconflicts
regarding the molecular model capable of satisfactorily
explaining the experimental results. In Dannhauser's words,
"Unfortunately, after forty years of study, a detailed
molecular model for dielectric relaxation in alcohols 1is

still not available",

In recent years, the dielectric absorption studies
of polar solutes dispersed in a polystyrene matrix have
received considerable attention in the literature. This
method has proved its success for the accurate determina-
tion of intramolecular energy barriers and separation of
molecular and intramolecular processes relate to the different
influence the high viscosity dispersion medium has on the

two types of processes. The aim of our present investigation
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is to gain insight into the types of relaxation processes
which can take place in alcohols by using this: polystyrene
matrix technique. The interpretations of previous
investigators have been based largely on arguments from
relaxation times and distribution parameter values which
sometimes may be quite deceptive as can be BudS’analyses.
Our present intent was to separate completely the
absorption peaks of some or any of the relaxation processes
and to characterize the absorption processes with the
appropriate relaxation parameters., The use of the poly-
styrene matrix technique has already proved its success

for the separation of molecular and intramolecular processes
for a series of long chain aldehydes (48) and l-bromo-

alkanes (49),.
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IV-2: EXPERIMENTAL RESULTS

The dielectric measurements of fourteer long-
chain aliphatic normal alcohols of the general formula

CH3(CH2)nCH OH, where n = 3,4,5,6,7,8,10,11,12,13,14,16,17

2
and 18 have been made in polystyrene matrices in the
frequency range of 10 Hz to 105 Hz by the use of a General
Radio Precision Capacitance bridge, the procedure being
described in Chapter'II. The operational temperatures were
from about 77 to 360 K and were controlled to within *0.1 K.

All the molecules studied were commercially available

with sufficient purity and were properly dried prior to use.

Figures IV-la and IV-2a show the sample plots of
dielectric loss, €" versus T(K) for the dipolar molecules.
Sample plots of €" versus logv are shown in Figures IV-3b
to IV~17b while Figures 'IV-18c to IV-23c present the Cole-Cole
sample plots for those molecules in their respective dispersion
region. Sample plots of logTT versus 1/T for different
molecules are also presented in Figures IV-24d to IV-29d.
FigureIV-30. represents the plots of relaxation
times, T, versus the number of carbon atoms (n) in the
chain for lower temperature absorptions.- Plots
of AHE versus ASE and AHE versus n are presented in Figures

IV-31, IV-32 and IV-33 for both the lower. and higher
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temperature dispersion., The activation free energy, AGE
at 200 K as a function of carbon atoms (n) in the chain for

higher temperature absorption is also shown in Figure IV- 34,

Table IV-~1 1lists the values of the Eyring analysis
results, AHE, ASE, along with AGE and T values at 100 K,
150 K and 200 K for each system. Experimental values of T,
logvmax, B, and €"max at various temperatures obtained for
these molecules from the Fuoss—~Kirkwood analysis together
with the values of €_ and the experimental dipole moments
(u) are listed in Table IV-2, Table IV-3 presents the
extrapolated dipole moments to 330 K for segmental (us)
and molecular (um) motion together with the total effective
dipole moment (ueff) and those of the literature wvalue

for the molecules listed in Table IV-2, The following

symbols are employed where appropriate:

P.S. Polystyrene

AT (K) Temperature range in the absolute scale

8 Range of variation in the Fuoss-Kirkwood
distribution parameters

AGE Eyring free energy of activation in kJ mol—1

AHE Eyring enthalpy of activation in kJ mol_1

ASE Eyring entropy of activation in J K-_1 mo].-1

v Frequency in Hz

- Relaxation time in seconds (s)



Hitot)

He1ie)

Dipole moment in Debye (D)

Effective dipole moment in Debye (D)

Effective dipole moment for segmental motion
Effective dipole moment for molecular motion

Dipole moment obtained from the extrapolation of
the experimental M and u to the temperature 330 K

in Debye (D)

Dipole mome?t for the molecule obtained from
(ug2 + 1 %)% at 330 K

Literature value of the dipole moment for the
molecule in Debye (D)

128
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IV-3: DISCUSSION

When the. dielectric loss factor, €" was plotted
against the temperature at a fixed frequency, all the
aliphatic primary alcohols of the general formula CH3(CH2)n
CH,0H where n = 3,4,5,6,7,8,10,11,12,13,14,16,17,18
exhibited two distinct absorption maxima (except n = 3&4)
in polystyrene matrices (Figure IV-la) : The
lower temperature peak occurs somewhere in the temperature
region 84-142 K and the higher temperatures are between
181-283 K. The temperature at which the maximum dielectric
absorption occurs at a fixed frequency for each dispersion
increases within the range as the number of carbon atoms (n)

in the chain increases. In the case of n = 3 and 4 only

lower temperature absorption peaks were detected.

Lower Temperature Dielectric Absorption

The half-width, ATé (which measures the breadth
of the loss-peak at half of the loss maximum in the €"
versus T plot at a fixed frequency) for lower temperature
absorption peaks 1is approximately the same and lies in the
range 56-60 K whereas the AT% for the higher temperature
absorption peaks increases slightly and lies in-the range

98-130 K. The relatively narrow half-width for the lower-



130

temperature absorption compared with that of higher tempera-
ture absorption peaks suggests an intramolecular process

for the former. Table IV-2 gives the Fuoss-Kirkwood
distribution parameter, B, which does not change signifi-
cantly when n varies from 3 to 18 and lies between 0.15-0.28,
and in most of the cases the values are above 0.2. Such an
appreciable value as 0.28 in the lower temperature region
suggests the intramolecular nature of the lower temperature
absorption. Comparison may be made of the B-values for
CH3(CH2)nCH20H with those for intramolecular relaxation in
molecules containing similar types of bonds for exampley

the B-values for intramolecular relaxation in long-chain
aldehyde (CH3(CH2)HCHO)‘(48) and l-bromo-alkanes (CH3(CH2%1
CHzBr) (49) where B lies in the range 0.22-0,36 at 85-140 K
and 0.18-0.35 at 90-150 K,respectively. In these cases the
lower temperature absorption was interpreted as segmental
rotation involving relaxation of the main polar group. There
is considerable similarity between the behaviour of the long-
chain normal alcohols and corresponding l-bromoalkanes and
aldehydes. The intramolecular nature of the lower tempera-
ture absorption is also borne out by the similar B-values
(0.23-0.34) for intramolecular relaxation of some symmetrically
substituted diaryl ether compounds in the temperature range

83-141 K (50).
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The smallest molecule we studied is n = 3
(n-pentanol). The higher temperature
absorption has not been detected for n = 3 and n = 4
compounds (n-pentanol and n-hexanol). Therefore, the

lower temperature absorption for these two molecules are
either intramolecular or an overlap of the molecular
and intramolecular processes. The dielectric parameters

-1
obtained for these two molecules are AH_ = 16 & 17 kJ mol s

E
_ -1 -1 -1
ASE = &1-§& 3J K mol ~, AGE = 16 kJ mol at 100 K and

T = 1.3};10_4 s and 1.8x10_4 s at 100 K respectively. These
parameters are in excellent agreement with the corresponding
values for l-bromo-hexane in polystyrene matrices (49) for
the segmental rotation involving -CH,Br group,,(AHE =

19.5 kJ mol !, AS, = 24 J k™! mo1”l, AGy = 17 kJ mol™ ! and

T = 7x10°% & at 100 K)..

Figures IV-32 and IV-30 show that the enthalpy

of activation, AH and relaxation time, increases

T150°

as the number of carbon atoms, n, in the chain increasesy

E’

exactly.in the same.way as-in .l-bromo-alkanes ¢(49). This
clearly indicates that the intramolecular process involves
increasing segmental motion as n increases, Since an alkyl
segmental relaxation on its own could not account for the

substantial absorption, then the segmental motion must be
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detected through corresponding movement of the terminal
CHZOH group.

A linear relationship between ASE and AHE appear
when ASE plotted against AHE for the lower temperature process
in aicohols (Figure IV-31), For the intramolecular .process
there appears to be no one specific relationship between
ASE and AHE. However, for a particular type of intramolecular
process, a linear correlation may exist between ASE and AHE.
For example, Davies et al (51) established the relatiomship,

-1 -1 1

AS. (J K mol ) = 4.2 AH_. (kJ mol

E E ) -173 for the butterfly

flapping—-type of intramolecular motion in thianthrene-type
structures, and Desando et al (50) found the relationship

ASE = 4.1.AHE -110 for the intramolecular relaxation of
symmetrically substituted diaryl ethers and sulfides in a
polystyrene matrix, For theintramolecular motion (segmental
rotation involving’CHZBr) in l1-bromo alkanes in a P.S. matrix

Ahmed (49) obtained the relation:

As_ = 4,1 AHE - 70

E

These relationships” are stfrongly contrasted with one found
'blehwéjé:én&'wylkér'(Szydfof‘rigiﬁ'mblecules in a polystyrene

matrix which is:

ASE = 2,2 AHE - 72
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Within experimental error there is a reasonable

fit of the AS values for intramolecular rotation of

E(obsd)
long-chain normal alcohols to the relation obtained for 1-

bromo-alkanes (49).

In this way the lower temperature process for
alcohols in polystyrene matrices are similar in all
respects with the lower temperature process of l-bromo-
alkanes in polystyrene matrices, After a thorough investi-
gation of l-bromo-alkanes in various dispersion media such
as, G.0.T.P., polystyrene, polypropylene, etc.,.Ahmed .(49)
concluded that the lower temperature process is the intra-
molecular one having segmental rotation involving movement of CHZBr.
As the dielectric relaxation parameters for long chain
primary alcohols are in good agreement with those for 1-.
bromo—alkadnes, -.the. lower temperature dispersion for alcohols._may. be at~
tributed to the segmental rotation. involving CHZOH movement in.line with the

1-bromo-alkanes “(49) where the rotation occurs about C-C bonds in the chain.

As there is no significant difference between
the energy barriers of associating molecules, alcohols and
the corresponding non-associating molecules, bromoalkanes,
in polystyrene matrices, there is no need to invoke inter-
molecular or intramolecular hydrogen-bonding in the aliphatic

long chain primary alcohols in polystyrene matrices. The
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-~

-~ -

enthalpies of activation for lower temperature absorption

in R-CH,Br (AHBr(Psf and R-CH,OH (AH

2
matrices and that for hydrogen bond breaking followed by

in polystyrene

2 OH(PS))

some kind of rotation in liquid alcohol R ~OH (AHOH(l))
(1st dispersion) obtained by Garg and Smyth (25) are listed

below (kJ mol_l):

n A A A AH .~ A A AH

Hon(1y “Hom(es) Hpe(ps) oa(1) “Hon(rs) Houzl) Br(PS)
3  28.5 16 - 12.5 -
4  30.0 17 19.5 13.0 10.5
5 31.0 20 19.5 11.0 11.5
6  33.5 20 18,7 13.5 14,8
7 36,0 20 16.0
8 35,2 22 22,0 13.2 13.2
10 33.5 23 23.8 10.5 9.7

;:;?g'kJ mol-1 ;:;T;’ kJ mol~ 1

The average difference in the enthalpies of activation for
liquid alcohols and the.alcohols in polystyrene matrices 1is

about 13 kJ mol-l. The average difference in AH_ for liquid

E
alcohols and the corresponding l-bromo-alkanes in polystyrene
is about 12 kJ mol_l. That is in both the cases the

average difference is the same within experimental error.

As there is no hydrogen bonding in alchols in polystyrene
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matrices, this difference may be taken as a measure of

the hydrogen bond strength in liquid alcohols (13 kJ mol_l)}
This H-bond strength in alcohol is not unreasonable because
Davidson (53) found activation energy for hydrogen bond
breaking in_pure methanol as 12 kJ mol_l. On the basis

of this model the lower-frequency relaxation observed in liquid
alcohols by Garg and Smyth (25) may be attributed to the
breaking of one hydrogen bond followed by segmental rota-

tion of the R=0H molecule as a whole.

Higher Temperature Absorption

All the alcohols except n = 3 and 4 display a
second absorption in the temperature range 183-283 K in
polystyrene matrices., In n-pentanol and n-hexanol the
-higher temperature processes are dominated by the lower
temperature intramolecular processes., As the Enmax .

of the latter processes are higher than the former in all

cases, this is not unreasonable,

A survey of the Fuoss-Kirkwood distribution
parameters showslow values lying in the range 0.13-0.24,
and in most of the cases it is below 0,20 which:testifies
to the wide spectrum of the relaxation times. Rigid

moleculeg’for example, para~halotoluenes and para-halobiphenyls,
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absorb with similar B values (0.17-0.24) (52) in the
similar temperature range 160-330 K. The B-value ranges
between 0.13-0.22 for the molecular rotation in l-bromo-
alkanes (49) in the temperature range 165-300 K. These

low B-values for alcohols which are reflected on the broad
loss curves having half width 98-128 K would be appropriate

for whole molecule rotation.

The ratio of the gnmax of the lower temperature
to higher temperature absorption peaks for all the alcohols
increases with the number of carbon atoms in the chain,

For n = 5 to 14, the ratio increases from 1.5 to 5.1. This
means that as the chain length increases, the intensity

of the higher temperature absorption peak decreases and the
uncertainty in the relaxation parameters obtained for these
dispersionsincreases. Moreover, the loss difference between
frequency to frequency is very low for the higher temperature
process, especially, in the cases where n is high. This

makes an error in the estimation of Voax which in turn makes
an error in the relaxation parameters. We tried to increase
the loss factor by increasing the solute concentration but
failed owing to the low solubility of higher molecular weight
alcohols in polystyrene., However, up to n = 12 we

could determine the parameters with sufficient-reliability

and above n = 14, we could not study the higher temperature
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process at all.

Within experimental error, the enthalpy of
activation, AHE, the free energy of activation, AGE’ at
200 K and the relaxation time, T,,at 300 K for a higher
temperature process increase linearly with the increase
of carbon atoms (n) in the alcohol chain (Figure IV- 34).
These indicate that the size of the reorientating unit

also increases with the number of carbon atoms in the chain.

The data for the higher temperature absorption

processes follow the relationship:

ASE = 2.1 AHE - 44
within experimental error. This is virtually identical to

the one Khwaja and Walker (52) found for molecular relaxation
of rigid molecules and Ahmed (49) for various l-bromo-alkanes
in a polystyrene matrix. For molecular rotation there may be
considerable disturbances in the surrounding of the dipole,
and thus there is greater disorder in the system and this

is reflected in the large positive AS_ values for the higher

E

temperature process.

Thug’it seems reasonable to assume that the higher
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temperature absorption may be attributed to molecular re-
orientation. This is borne out by the fact that the relaxa-
tion parameters - for long-chain aliphatic normal alcohols
follow the same order and behaviour of corresponding l-bromo-
alkanes parameters for its molecular rotation (49). The
higher .temperature absorption cannot be attributed to the
co-operative motion of the solute and solvent since the glass
transition temperature, for example, of l-pentadecanol

(n = 13) in polystyrene was found to be ~337 K which is
considerably higher than the higher temperature absorption

region of the l-pentadecanol (240-283 k).

Since our results appear to be accounted for by an
intramolecular (segmental) process and a molecular one, we
adopt the model that the dipole moment is composed of two
components M (molecular) and Mg (segmental) which govern
the effective dipole moment, Mogs where:

2 2 ]
= (u +u )

ueff m s
Now in line with the procedure adopted by Davies and Swain (51)
for flexible molecule% the us may be taken to be the extrapo-
lated value of the dipole moment at 330 K for the lower
temperature process and Mo the extrapolated value of the

dipole moment at 330 K for the higher temperature absorption.
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Therefore, the estimated value of the total dipole moment
for octanol-1 in polystyreme at 330 K is [(1.71)2 + (0.65)2]%
= 1.8, D which is in good agreement with the literature value
1.80 at 293 K (54). Estimates of Hofs for the other molecules

are given in Table IV-3, On the whole, the agreement is

adequate to support the model strongly.

In addition to alcohols, we studied seven other
potentially intermolecular hydrogen bonding molecules belong-
ing to the series long-chain aliphatic normal thiols and having
the general formula CH3(CH2)nCHZSH where n = 6,7,8,9.10,11 and 12.
A1l of these thiols exhibited two distinct absorption maxima
in polystyrene matrices (Figure IV-2a ). The lower temperature
peaks occur somewhere in the temperature region 95-136 K and
the higher temperatures are between 199-266 K., Like alcohols,
and l-bromoalkanes (49), the temperature at which the maximum
dielectric absorption occurs at a fixed frequency for each .

dispersion increases within the range as the number of carbon

atoms (n) in the chain increases.

The half-width AT% for the lower temperature
absorption peaks are approximately the same and lie in the
range 42-48 K (for alcohol 56-60 K) whereas the AT% for
the higher temperature.absorption peaks increases slightly

and liesin the range 129-156 K (for alcohol 98-130 K). The
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Fuoss-Kirkwood distribution parameter, f for lower-temperature
absorption does not change significantly when n varies from

6 to 14 and lies bewteen 0.25-0.,35. The corresponding B-

values for higher temperature_absorption lie in the range

0.13-0.20 (for alcohols, 0.13-0.24).

The enthalpies of activation and the relaxation
time for both the lower and higher temperature dispersion
increases as the number of carbon atoms (n) in the chain
increases, As with the alcohols, the ASE and AHE values for
intramolecular rotation of long-chain thiols follow the same
linear relation obtained for l-bromoalkanes (49)., Thus, in
polystyrene matrices both the long-chain aliphatic normal
alcohols and thiols are similar in behaviour and follow

the same route as l-bromo—-alkanes.

Now there 1is a number of articles in the
literature suggesting that thiols do not form hydrogen
bonds (55). The relative weakness of the -SH as a proton
donar accounts for the absence of hydrogen bonds in them.
The enthalpies of activation for lower temperature dispersion
of thiols are almost similar or slightly higher than those
of the corresponding alcohols (Figure IV-32). 1If there is
hydrogen bonding, these values for alcohols should be higher

than those of the corresponding thiols where there is no
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or very weak, hydrogen bonding. All this.evidence clearly
indicates. .that in polystyrene matrices alcohols do not form a

hydrogen bond or’if one forms, itfmay notfbevdetectable

by. our dielectric measurements at the normal concentration range.

Our experimental data settles directly that:
(1) there are at least two relaxation processes in long=-chain
aliphatic normal alcohols and thiols;
(2) the enthalpy of activation and the relaxation times
of each of these processes lengthens with the number of carbon
atoms in the chain in line with the l-bromo-alkanes;
(3) no inter- or intramolecular hydrogen bonding occurs in
these alcohols or thiols in the polystyrene matrices.
(4) the strength of hydrogen bond in liquid long-chain alcohols
is about 13 kJ mol_l;
(5) the low frequency dispersion in liquid alcohols obtained
by Garg & Smyth can be attributed to the breaking of one
hydrogen bond followed by segmental rotation involving the CHZOH
group.
(6).for the higher temperature process, AHE and ASE are

linearly related by the same equation which is obeyed for

rigid molecules in a polystyrene matrix.

Our dipole momentg, calculated on the basis of the
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model of two relaxation processes are in reasonable agree-
ment with the literature values from more direct methods.
Thus, um may be identified with molecular rotation while
Mo involves rotation of the segments which lead to movement

of the main group moment (-CH20q>—CHZSH). This is .composed

of several relaxation motions involving different chain
lengths, although it is, of course, always the W, component
which governs the lower temperature absorption. This

refined model then accounts for the lengthening of relaxa-
tion times with increased chain length for the lower frequency

dispersion in 1liquid alcohols.
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TABLE 1IV-2: Fuoss-Kirkwood Analysis Parameters, €, and

Effective Dipole Moments (u) for some Aliphatic
Normal Alcohols and Thiofis [CH (CH ) CH XH %=0 orS]

in Polystyrene Matrices 2

T (K) 1061(9) logV B 1036" € u (D)
‘max max ©

1.20 M Pentanol-1
84.9 4630 1.54 0.22 8.9 2.83 0.35
86.4 2525 1.80 0.23 9.2 2,83 0.35
89.6 1353 2,07 0.23 9.6 2.83 0.36
91.4 895 2.25 0.21 9.7 2.82 0.38
94,2 488 2,51 0.22 10,0 2.82 0.39
97.3 258 2.79 0.21 10.3 2,82 0.41
100.2 113 3.15 0.19 10.5 2.81 0.44
104.4 46.6 3.53 0.19 10.9 2.80 0.46
0.76 M Hexanol-1
86.6 4439 1.55 0.22 7.9 2,97 0.40
89.2 2175 1.86 0.23 8.2 2.96 0.41
91.6 1221 2,11 0.23 8.5 2.96 0.42
94,0 745 2.33 0.23 8.7 2.96 0.43
97.9 336 2.68 0.23 9.0 2.96 0.45
99.4 226 2.85 0.22 9.1 2.96 0.46
102.7 102 3.19 0.21 9.3 2,95 0.49
105.7 48.5 3.52 0.21 9.7 2.95 0.51

0.75 M Heptanol-1 Lower temperature process

95.5 2398 1.82 0.23 9.6 2.74 0.48
97.2 1555 2.01 0.23 9.8 2.74 0.49
99.7 969 2.22 0.22 10.0 2.73 0.51
102.7 475 2,53 0.22 10.3 2.73 0.53
106.2 232 2.84 0.22 10.7 2.73 0.55
109.0 114 3.14 0.21 10.9 2.73 6.57
111.4 68.5 3.37 0.22 11.1 2.73 0.57
113.9 40.1 3.60 0.22 11.4 2.72 0.58
116.6 21.6 3.87 0.22 11.7 2.72 0.60

0.75 M Heptanol-1 Higher temperature process

181.1 4260 1.57 0.13 6.7 2.79 0.72
183.4 1856 1.93 0.16 6.8 2.80 0.66
187.2 1075 2,17 0.18 6.9 2.80 0.64
191.6 361 2.64 0.15 7.0 2.79 0.71
196.2 160 3.00 0.17 7.1 2,79 0.68
199.7 76.3 3.32 0.18 7.1 2.79 0.67
203.4 43.9 3.56 0.19 7.1 2.79 0.66
206.5 30.6 3.72 0.20 7.2 2.79 0.65
209.7 24,6 3.81 0.22 7.2 2,80 0.62
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TABLE 1V-2: continued... (page 2 of Table IV-2)

T (K) 108+ (s) logy 8 103" e u (D)

max max ©

0.57 M Octanol-1 Lower temperature process

99.6 1536 2,02 0.23 10.5 2,96 0.56
101.0 1295 2,09 0.22 10.6 2.95 0.58
103.,1 811 2.29 0.22 10.8 2,95 0.59"
106.2 405 2.59 0.23 11.2 2.95 0.60
109.7 211 2.88 0.23 11.5 2.95 0.62
113.1 96.5 3.22 0.22 11.8 2.94 0.65
116.8 42,2 3.58 0.23 12,1 2.94 0.65
120.4 21,2 3.87 0.23 12.5 2.94 0.68
0.57 M Octanol-1 Higher temperature process
196.2 2517 1.80 0.18 5.8 3.02 0.66
198.3 1980 1.91 0.19 5.8 3.02 0.63
201.0 1409 2,05 0.20 5.8 3.02 0.63
203.8 913 2.24 0.20 5.8 3.02 0.63
208.9 428 2.57 0.19 5.7 3.01 0.65
214.8 198 2.91 0.20 5.7 3.01 0.65
221.0 57.4 3.44 0.19 5.6 3.00 0.67
0.47 M Nonanol-1 Lower temperature process

98.0 3439 1.67 0.22 9.1 3.04 0.57

99.7 2119 1.88 0.23 9.3 3.04 0.57
102.3 1359 2,07 0.23 9.5 3.04 0.59
104 .4 828 2,28 0.23 9.7 3.03 0.60
108.0 404 2.60 0.23 10.0 3.03 0.62
110.7 228 2,84 0.23 10,2 3.03 0.63
113.8 107 3.17 0.23 10.5 3.02 0.65
116.7 58.8 3.43 0.24 10.7 3.02 0.65
119.4 37.1 3.63 0.25 11.0 3.02 0.66
0.47 M Nonanol-1 ‘Higher temperature process
197.8 7414 1.33 0.21 3.8 3.06 0.54
201.6 3781 1.62 0.23 3.8 3.06 0.52
205,2 2394 1.82 0.23 3.8 3.06 0.53
210.3 1079 2.17 0.23 3.8 3.05 0.53
215.4 640 2.40 0.22 3.7 3.05 0.54
219.6 385 2.62 0.22 3.7 3.05 0.55
225.0 212 2.88 0,21 3.6 3.05 0.56
230.0 90.7 3.24 0.19 3.5 3.04 0.59
233.9 50.6 3.50 0.19 3.5 3.04 0.59
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TABLE 1V-2: continued... (page 3 of Table 1IV-2)

6 "

T (K) 107t (8s) log\)max B 107 ¢ — € u (D)
0.50 M Decanol-1 Lower temperature process

102.2 5319 1.48 0.21 8.9 2.74 0.61
106.2 1933 1.92 0.22 9.4 2.74 0.63
108.0 1360 2.07 0.22 9.6 2.73 0.64
111.1 689 2.36 0.22 9.8 2.73 0.65
113.6 403 2.60 0.22 10.1 2.73 0.67
117.2 202 2.90 0.22 10.3 2.73 0.69
120.4 98.4 3.21 0.23 10.6 2.73 0.69
124.0 48.0 3.52 0.23 10.9 2.73 0.71
125.8 32.9 3.68 0.23 11.0 2.73 0.72
0.50 M Decanol-1 Higher temperature process

219.7 1661 1.98 0.20 4.6 2.79 0.66
223.3 1056 2,18 0.20 4.6 2.79 0.66
227.2 615 2.41 0.21 4.5 2.79 0.64
230.0 411 2.59 0.21 4.5 2.79 0.65
233.8 275 2.76 0.20 4.5 2.78 0.67
236.8 187 2.93 0.19 4.4 2.78 0.68
239.5 112 3.15 0.18 4.3 2.78 0.70
243.0 48.8 3.51 0.17 4.3 2.78 0.73

0.35 M Dodecanol-1 Lower temperature process

104.6 7309 1.34 0.20 7.8 3.01 0.67
106.8 3110 1.71 0.21 7.9 3.01 0.67
108.4 1969 1.91 0.22 8.1 3.01 0.66
110.0 1445 2,04 0.23 8.2 3.01 0.66
113.0 869 2,26 0.22 8.4 3.01 0.69
115.8 480 2,52 0.22 8.6 3.00 0.71
118.6 259 2,79 0.22 8.8 3.00 0.73
121.6 142 3.05 0.22 8.9 3.00 0.74
125.3 63.9 3.40 0.23 9.2 3.00 0.75
129.2 34.5 3.66 0.25 9.5 3.00 0.74
0.35 M Dodecanol-1 Higher temperature process

239.9 1646 1.99 0.17 3.2 3.00 0.71
242.7 1022 2.19 0.16 3.2 3.00 0.74
246.,6 617 2.41 0.17 3.2 3.00 0.72
249.7 390 2.61 0.16 3.2 3.00 0.75
253.5 255 2.80 0.16 3.2 3.00 0.75
257.6 127 3.10 0.16 3.2 3.00 0.76
261.2 65.3 3.39 0.15 3.1 3.00 0.78



TABLE 1IV-2:

continued,..

(page 4 of Table 1IV-2)

6 3w
T (K) 1071 (8) log\\)max B € ax
0.32 M Tridecanol-1 Lower Temperature Process
111.8 1922 1.92 0.21 7.6
113.4 1333 2.08 0.22 7.8
115.4 899 2.25 0.22 8.0
118.5 446 2,55 0.22 8.2
121.4 259 2.79 0.23 8.3
124 .4 132 3.08 0.22 8.5
127.2 69.0 3.36 0.23 8.6
130.0 43,2 3.57 0.25 8.9
0.32 M Tridecanol-1 Higher Temperature Process
233.7 3615 1.64 0.18 2.1
237.2 1549 2,01 0.21 2.1
241 .4 1093 2.16 0.21 2.2
244 ,8 656 2.38 0.21 2.1
249,7 357 2.65 0.19 2.1
254,7 222 2.86 0.20 2,1
259.0 75.4 3.32 0.16 2,1
0.38 M Tetradecanol-1 Lower Temperature Process
116.5 1290 2,09 0.21 8.3
117.5 1190 2.13 0.20 8.4
119.2 764 2.32 0.20 8.5
121.8 451 2.55 0.21 8.7
124,.7 250 2.80 0.22 8.9
128.2 113 3.15 0.22 9.1
131.8 50.0 3.50 0.23 9.3
136.0 29.0 3.74 0.25 9.7
139.9 14.9 4,03 0.25 9.8
143.0 9.41 4,22 0.26 10.1
0.38 M Tetradecanol-1 Higher Temperature Process
229.1 8573 1.27 0.22 2.5
232.8 5198 1.49 0.21 2.4
236.3 2800 1.75 0.21 2.4
240.,0 1886 1,93 0.21 2.4
243,5 1123 2.15 0.21 2.4
248,0 715 2.35 0.21 2.4
252,6 359 2,65 0.19 2.3
257.0 192 2,92 0.16 2.3

e ]

2.77
2.77
2.77
2.77
2.77
2.76
2.76
2.76

3.00
3.00
2.99
2.99
2,99
2.98
2.98

2.76
2,76
2.76
2,76
2.76
2.75
2.75
2,75
2.75
2.75

2.79
2.79
2.79
2.79
2.79
2,78
2,78
2,78
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u (D)

0.74
0.73
0.75
0.77
0.77
0.80
0.80
0.79

0.58
0.54
0.56
0.55
0.58
0.57
0.65

0.72
0.75
0.76
0.76
0.76
0.77
0.78
0.77
0.79
0.79

0.54
0.55
0.55
0.56
0.56
0.57
0.59
0.65
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TABLE IV-2: continued... (page 5 of Table 1IV-2)
T (K) 1061(3) logv B 1035" € M (D)
max max co
0,27 M Pentadecanol-1 Lower Temperature Process
109.7 6201 1.41 0.18 7.2 2.95 0.80
112,7 2608 1.79 0.19 7.4 2.95 0.80
115.3 1546 2,01 0.20 7.6 2.95 0.80
117.4 927 2.23 0.20 7.8 2.95 0.82
119.6 571. 2.45 0.21 7.9 2.95 0.81
122.5 313 2,71 0.22 8.1 2.95 0.82
125.0 202 2.90 0.22 8.2 2.94 0.83
127.8 97 .0 3.22 0.23 8.3 2.97 0.82
131.0 48.7 3.51 0.24 8.5 2.94 0.83
0.27 M Pentadecanol-1 Higher Temperature Process
240,7 6501 1.39 0.24 1.9 2.94 0.53
244 .7 5808 1.44 0.22 1.8 2.94 0.55
248 .4 5931 1.43 0.19 1.8 2,94 0.59
262.2 4748 1.53 0.13 1.6 2.93 0.70
269.4 726 2.34 0.15 1.6 2.92 0.66
277.5 296. 2,73 0.14 1.5 2.92 0.67
283,7 243 2.82 0.17 1.4 2.91 0.60
0.29 M Hexadecanol-1 Lower Temperature Process
115.0 2747 1.76 0.18 7.5 2.94 0.81
117.6 1619 1.99 0.19 7.7 2,94 0.81
120.0 974 2,21 0.20 7.9 2,94 0.81
123.,0 526 2,48 0.20 8.0 2.94 0.82
124,5 349 2,66 0.21 8.1 2,94 0.81
126.,3 217 2,87 0.21 8.2 2,94 0.82
129.7 115 3.14 0.21 8.3 2,94 0.84
133.5 54,8 3,46 0.22 8.6 2,94 0.84
0,29 M Hexadecanol-1 Higher Temperature Process
247.0 5066 1.50 0.20 1.8 2.94 0.56
251.5 4579 1.54 0.18 1.8 2,94 0.59
255.,5 2598 1.79 0.16 1.7 2,94 0.61
259.7 2296 1.84 0.14 1.7 2,93 0.66
264.0 1159 2.14 0.12 1.6 2.93 0.70
269,.2 498 2,51 0.14 1.6 2,92 0.66
273.0 306 2.72 0.13 1.6 2,92 0.69
278.0 268 2,77 0.12 1.5 2.92 0.70



TABLE 1IV-2;

10%+ (s)

1ogv ax

T (K)

0.18 M Octadecanol-1
115.7 1444
119.9 598
122.4 356
125.0 199
127.7 102
131.3 45.0
133.0 38.6
135.8 26,7
138.7 17.9
0.19 M Nonadecanol-1
115.4 8558
117.6 3106
118.5 2019
120.5 1411
122,6 905
126.3 363
130.3 174
137.1 46,4
140,0 29,1
0.20 M Eicosanol-1
114 .4 6923
116.4 2847
118.6 1536
120.6 1001
122.2 674
124,7 404
127.6 232
130.7 126
133.8 72.8
137.0 45,3

continued...

2.04
2.42
2,65
2.90
3.19
3.55
3.62
3.78
3.95

1.27
1.71
1.90
2,05
2,25
2.64
2.96
3.54
3.74

1.36
1.75
2.02
2.20
2.37
2.60
2.84
3.10
3.34
3.55

(page 6 of Table IV-2)

0.19
0.19
0.19
0.20
0.21
0.22
0.25
0.26
0.28

0.15
0.17
0.19
0.19
0.18
0.19
0,22
0.24
0.26

0.15
0.16
0.18
0.18
0.19
0.21
0.22
0.24
0.24
0.27

[e)NV, I, IRV, IV, IV, IV, 0, |
Qwoo~NOULA~WLN

gAML i
e o o o o o e o o o o o e o o
LWLWNOOOIN~NOU

Lo S I S I S R CUR VL
WNMNMNMHFHOOWO®

. L]

E(D

2.89
2.88
2.88
2.88
2.88
2.88
2.90
2.88
2.88

2.96
2,96
2,96
2,96
2.96
2.96
2.96
2.95
2.96

2.87
2.87
2.87
2.87
2.86
2.86
2.86
2‘86
2.86
2.86
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u (D)

0.85
0.87
0.89
0.89
0.88
0.88
0.84
0.84
0.82

0.93
0.89
0.85
0.87
0.90
0.90
0.86
0.86
0.84

0.77
0.77
0.74
0.74
0.74
0.71
0.71
0.69
0.70
0.67



TABLE IV=-2:

108+ (s)

continued...

T (K) log,\.)mélx B 107¢ max
0.61 M Octanethiol-1 Lower Temperature Process
95.3 3102 1.71 0.26 6.6
96.6 2132 1.87 0.26 6.7
99.4 1140 2.15 0.26 6.9
100.8 843 2.28 0.26 6.9
102.6 527 2,48 0.26 7.0
104.7 329 2.68 0.27 7.2
106.7 231 2.84 0.27 7.2
109.1 128 3.09 0.27 7.3
111.0 80.8 3.29 0.28 7.4
113.9 45,4 3.54 0.29 7.6
0.61 M Octanethiol-1 Higher Temperature Process
199.0 1792 1.94 0.20 6.4
201.9 1513 2,02 0.20 6.4
205.4 1316 2,08 0.18 6.4
209.4 931 2,23 0.18 6.4
215.4 497 2.51 0.18 6.4
218.4 377 2.63 0.18 6.4
224,2 220 2.86 0.17 6.4
228.9 151 3.02 0.19 6.4
233.8 62.6 3.41 0.16 6.4

0.46 M Nonanethiol-1

Lower Temperature Process

101.2
104.3
105.4
108.0
109.7
112.8
115.0
117.0

0.46 M Nonanethiol-1

1825
1022
746
413
314
148
94.8
59.7

1.94 0.27 6.4
2.19 0.26 6.5
2.33 0.27 6.6
2.59 0.28 6.7
2,71 0.27 6.8
3.03 0.27 6.8
3.23 0.27 6.9
3.43 0.28 7.0

Higher Temperature Process

210.8
213.8
217.4
221.5

o o

2467
1890
1662
1445

1.81 0.18 5.4
1.93 0.19 5.5
1.98 0.18 5.5
2,04 0.17 5.6

(page 7 of Table 1IV-2)

2.98
2.98
2.99
2.98
2.98
2.98
2.98
2.98
2.98
2.98

2.99
2.99
2.98
2.98
2.97
2.97
2.97
2.97
2.95

2.78
2,78
2.78
2.78
2.77
2.77
2.77
2.77

2.78
2,78
2.77
2.77
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u (D)

0.40
0.40
0.41
0.42
0.42
0.42
0.43
0.44
0.44
0.44

0.64
0.64
0.69
0.69
0.70
0.71
0.74
0.70
0.78

0.47
0.49
0.49
0.49
0.51
0.52
0.52
0.52

0.77
0.76
0.79
0.83



TABLE 1IV-2:

T (K)

0.46 M Nonanethiol-1

10%1 (s)

log

continued....

v
max

(page 8 of Table 1IV-2)

8

€

-]

Higher Temperature continued...

225.8
230.7
237.6
242.,3
248,0
256.0
265.7

0.47 M Decanethiol-1

1290
1099

733
561
460
266
172

2,09
2.16
2.34
2.45
2.54
2.78
2.97

Lower temperature Process

0.16
0.15
0.14
0.14
0.13
0.13
0.13

* o

AN 1
H O \WWOo N

101.9
103.9
106.1
108.6
110.7
112.7
115.0
116.6
120.0

0.47 M Decanethiol-1

4694
2287
1523

860
582
329
225
141

67.9

1.53
1.84
2,02
2.27
2.44
2.68
2,85
3.05
3.37

Higher Temperature Process

0.25
0.27
0.26

0.27
0.27
0.28
0.28
0.28
0.28

L] L]
AN NHEHOW oW

NNNNNNO OO

220,2
223.9
228.7
233.8
237.8
242 .4
245.,9
250,0
256,.1

1790
1386

954
543
386
280
189
118

54.0

1.95
2.06
2.22
2.47
2.62
2.75
2.93
3.13
3.47

0.19
0.19
0.18
0.18
0.17
0.16
0.15
0.14
0.14

Lt b
e o o o o o o o

[ B S S A L S N VURE = R UV

2.77
2.76
2.76
2.75
2.75
2.74
2.74

2.76
2.76
2.76

2.76
2.76
2,76
2.76
2.76
2.75

2.76
2.76
2.75
2.75
2.75
2.74
2.74
2.73
2,73
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u (D)

0.87
0.91
0.96
0.98
1.02
1.05
1.08

0.49
0.48
0.50

0.50
0.51
0.51
0.52
0.53
0.54

0.75
0.76
0.79
0.80
0.87
0.87
0.90
0.94
0.97



TABLE IV-2:

1097 (s)

continued,..

(page 9 of Table IV-2)

T (K) logv .« 8

0.21 M Undecanethiol-1 Lower Temperature Process
106.4 1916 1.92 0.28 5.2
108,7 1307 2.09 0.27 5.3
111.4 686 2.37 0.28 5.4
114,7 346 2,66 0.28 5.5
116.5 213 2,87 0.28 5.5
119.0 128 3.10 0.29 5.6
120.9 86.0 3.27 0.29 5.6
123.3 52.3 3.48 0.29 5.8

0.21 M Undecanethiol-1 Higher Temperature Process
229.8 1493 2.03 0.19 2.8

234 .3 925 2.24 0.19 2.8
238.7 653 2.39 0.20 2.9
243.,6 442 2.56 0.18 2.9
248.3 353 2.65 0.16 2.9
253.1 243 2,82 0.17 3.0
258.3 131 3.08 0.16 3.0
263.6 71.2 3.35 0.14 3.0
0.36 M Dodecanethiol-1 Lower Temperature Process
111.4 1021 2.19 0.27 6.7
113.6 683 2,37 0.26 6.7
115.0 467 2,53 0.27 6.8
116.6 342 2.67 0.28 6.9
118.4 238 2,82 0.28 7.0
121.0 136 3.07 0.28 7.0
123.0 88.8 3.25 0.30 7.1
123.6 77.1 3.32 0.29 7.1
126.3 46,2 3.54 0.31 7.3

[+ ]

2.76
2.76
2.76
2.75
2.75
2.75
2.75
2.75

2.74
2.74
2.73
2.73
2.73
2,72
2,72
2.71

2.98
2.98
2.98
2,98
2,98
2.98
2.98
2.98
2.98
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u (D)

0.64
0.66
0.66
0.68
0.69
0.69
0.69
0.71

0.84
0.85
0.85
0.90
0.97
0.97
1.01
1.09

0.55
0.57
0.56
0.56
0.57
0.58
0.57
0.58
0.57
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TABLE IV-2: continued... (page 10 of Tablé IV-2)
T (K) 10%1 (s) log v B 103e" e 4 (D)
max max co

0.36 M Dodecanethiol-1 Higher Temperature Process

234,0 1971 1.91 0.19 3.4 2,84 0.70
238.6 1182 2,13 0.19 3.4 2,83 0.71
242,2 1137 2.15 0.17 3.5 2,83 0.76
245,7 1012 2,20 0.16 3.5 2.82 0.79
250,.,7 743 2,33 0.16 3.6 2.82 0.81
255.8 386 2,61 0.17 3.6 2.82 0.80
260,7 230 2,84 0.18 3.7 2.81 0.79
265.8 109 3.16 0.16 3.6 2.80 0.84
0.20 M Tridecanethiol-1l Lower Temperature Process

109.3 2559 1.79 0.27 4.1 2.79 0.60
112.0 1749 1.96 0.25 4,2 2.79 0.63
113.2 1140 2.14 0.27 4.3 2.79 0.62
115.6 865 2.26 0.26 4,3 2.79 0.64
117.9 378 2.62 0.28 4.4 2,79 0.63
120.6 271 2.77 0.26 4ob 2.79 0.66
122.0 182 2.94 0.27 4,4 2.79 0.65
126.3 52.7 3.48 0.27 4.6 2.78 0.68
128.4 47 .3 3.53 0.30 4.6 2.78 0.65
0,29 M Hexadecanethiol=-1 Lower Temperature Process

114.9 2771 1.76 0.26 5.3 2,98 0.57
117.2 1731 1.96 0.26 5.4 2,97 0.58
119.3 1125 2,15 0.27 5.5 2,97 0.58
121.2 711 "2.35 0.27 5.6 2,97 0.59
122.9 519 2.49 0.27 5.6 2,97 0.59
124.4 563 2.45 0.35 5.6 2,98 0.52
127.3 202 2,90 0.28 5.8 2,97 0.60
130.5 106 3.18 0.28 5.8 2,97 0.61
133.5 57.1 3.45 0.30 5.9 2,97 0.60
135.9 42,7 3.57 0.31 6.0 2.97 0.60
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TABLE IV-3: Extrapdlated diéole moments for alcohols to 330 K for segmental
. rotation (ps) and molecular rotation (uﬁ); effective dipole: ..

moments’(uéfflcand the literature value of the dipole moments

(ulit) in Debye (D).

n M(s) M (m) bege) = (i 7+ 1)t M(1ie)
3 1.66 1.66
4 1.71 1.73
5 1.75 0.65 ]..8‘7 1.73
6 1.71 0.65 1.82 1.80
7 1.36 0.74 1.55 1.61
8 1.15 1.09 1.56 1.62
10 1.06 1.00 1.46 1.52
11 1.12 0.93 1.45 -
12 0.90 0.95 l.31= 1.60
13 0.97 0.91 136
14 0.97 1.05 1.4 1.67
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FIGURE IV-24d: Eyring plots of 1logTT versus 1/T (K_l) for some
long~chain normal alcohols (lower temperature
process) in a polystyrene matrix. A=Pentanol-l,

B=Octanol-1, and C=Decanol-l
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FIGURE IV-25d: Eyring plots of logTT versus 1/T (K_l) for some long-chain
normal alcohols (lower temperature process) in a polystyrene

matrix. A=Dodecanol-l; B=tetradecanol-1, C=Eicosanol-1l.
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FIGURE IV-26d: Eyring plots of logTT versus 1/T (K_l) for some long-
chain normal alcohols (higher temperature process) in
a polystyrene matrix. A=Heptanol-1l, B=nonanol-1, and

C=Decanol-1.
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FIGURE IV-27d: Eyring plots of logTT versus 1/T (K_l) for some
long-chain normal alcohols (higher temperature
process) in a polystyrene matrix. ‘A=Tridecanol~1,

B=Tetradecanol-1 and C=Hexadecanol-1.
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FIGURE IV-28d: Eyring plots of 1logTT versus 1/T (K_l) for some
long-chain normal thiols (lower temperature process).
in a polystyrene matrix. A=Octanethiol-1, B=

Decanethiol-1; C=Dodecanethiol-1, and D=Hexadecanethiol-l.
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FIGURE IV-31:

18 22 26
AHg

1 mol_l) versus enthalpy of

Plot of enﬁg§£3j}of actf;ation, AS. J K
activation, AHE (kJ mol 7) for the lower temperature absorption
processes for long-chain normal alcohols (.) and thiols (O)
in a polystyrene matrix. The vertical and horizontal bars represent
95 % confidence intervals. Numbers beside points indicate the value

of n in the general formulae, CHa(CHz)nCHzx-
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FIGURE IV-33: Plot of AS; (J KL

mol 1) versus M (kT mol 1) for the higher
temperature absorption processes for 1ong—cﬁain normal alcohols
in a polystyrene matrix. Numbers beside points represent the values
of n in the general formulae, CH3(CH2)nCH20H. The vertical and

horizontal bars represent 95 % confidence intervals in the

factors.
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Plot of free energy of activation, AGE (kJ'mol—l).at 200 K

versus n (number of carbon atoms in the general formulae,(:;::::::::ij::}

CHa(CHz)nCHzX) for the higher temperature absorption processes
for some long-chain normal alcohol (@) and thiols ((Q)) in a

polystyrene matrix.



CHAPTER V

DIELECTRIC RELAXATIONS OF A FAIRLY POLAR,
SPHERICAL, RIGID MOLECULE, 1,1,1-TRICHLORO-

ETHANE IN CARBONTETRACHLORIDE
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V-1: INTRODUCT ION

Substances in the glassy state retain some degree
of molecular rotational freedom which can be detected by
dielectric or mechanical, or n.m.r. studies (1). The
presence of such rotational freedom giving rise to the
dielectric relaxation has sometimes been associated with
the motion.of a side group in the case of organic. high-
polymers., Certain rigidy(nearly) spherical,polar molecules
show rotational freedom in the solid phase on freezing,and
rotational freedom is stopped at a temperature below
the freezing point (2-4)., However, most of the simple
rigid molecules do not have the rotational freedom in the
solid phase., Johari and Goldstein (5) have studied the
solid phases of a large number of solutions of simple
rigid,polar molecules in the rigid,non-polar molecule cis-
decalin which is capable of forming a glassy phase. They
have observed dielectric relaxation at low temperatures in
the solid phase at just above and below the glass transition
temperature, Tg’ and termed the relaxation above Tg,as o-
relaxation and that below Tg as the B-relaxations, Several
studies -have been made to understand the mechanism of o- and B-relaxations
in the cis-decalin and some other glass forming solvents (6-8). It is

how well established (8) that:.
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(i) a-relaxation usually occurs just above Tg but
B-relaxation occurs below Tg (eeg. 0.6-0.8 Tg for 1 kHz)
and is one to two order(s) of magnitude lower than the a-
relaxation.

(ii) the €" versus logV curve at a fixed temperature
for both the processes are asymmetric with a half width of
2=-3 decades of frequency for an o-process and 4-6 decades

of frequency for B-relaxations,

(iii) for a-relaxation, the frequency of maximum loss
Vmax’ is strongly dependent upon temperature,
(iv) the intensity of the loss peak decreases on an-

nealing but the location of the peak remains the samej;. @& also
_the broad distribution of relaxation times which increases
with the decrease of temperature for B-relaxation.

(v) non-Arrhenius behaviour of Eyring plot with a
high apparent activation enthalpy (e.g. 80-400 kJ mol_l)
for 0-relaxation but for B~relaxation the linear Eyring
plot with low apparent activation enthalpy (e.g. 20-40

_l s
kJ mol ") is usually observed.

Detailed studies on supercooled liquids by
Williams and co-workers (9-11) suggest that the a~relaxation
process is due to cooperative rearrangement of the molecules.

This view has also been supported by Johari (12). Goldstein
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(13) has suggested that the B-process does not reflect the
features of the individual molecules that compose the glass,
but arises from common features of amorphous packing. Johari,
(12) on the other hand, has proposed that the B-relaxation
process arises from the hindered rearrangement of the molecules
encaged by a large region which have been made relatively
immobile by the stringent requirement of cooperative motion,
The features of the B-relaxation process should be independent
of the shape of the solute molecules if it is due to amorphous
packing, while it should depend upon the molecular shape if

it is due to orientation of the encaged molecules. After
studying a lot of polar solutes dispersed in an organic

glass, such as cis—-decalin, glassy o-terphenyl, Santovacé and
polystyrene, Walker and co-workers (1l4) and Agarwal et al

(15) support the model proposed by Johari that in the
amorphous phase above Tg the dielectric behaviour is governed
by the cooperative rearrangement of molecules, while the
glassy phase below Tg the B-relaxation process arises from

the hindered rotation of polar molecules engaged in the

glassy matrix,

To clarify the nature of the relaxation and the
variables upon which it depends, Shears and Williams (16)
studied di-n-butyl phthalate (DBP) in o-terphenyl from 4.8~

100% concentrations to examine the effects of solute con-
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centration on relaxation in the supercooled liquid state.
It is found that the €"max values are approximately propor-
tional to solute concentration up to 507 DBP) but at
higher concentration the plots curve towards the final pure
DBP value. The apparent activation energy is also varied
depending upon the concentration of the solute., They
rationalized this variation in terms of a distribution of
local concentrations in the mixture, Mansingh et al (17)
studied chlorobenzene in cis—decalin at. five concentrations
(12,98, 18.05, 20.80, 21.99 and 25.01 mol%) and reported
that the magnitude of the oa-relaxation peak increases

with increasing concentration, but there is a negligible
change in the temperature of the peak with a changgzin
concentration. The activation energy, V146 kJ molrl,

also does not show any systematic increase with concen-
tration. The tan$ peaks for the B-relaxation become more
pronounced for higher concentration solutions but there

is hardly any.change in the temperature of the peak with
concentration., The fact that o- and:B-relaxation peaks

in tand for different concentrations occur almost at the
same temperature at a given frequency suggests that the
relaxation frequency is determined mainly by the viscosity
of the glassy phase of cis-decalin and that .the dipole inter-

actions of the solute molecules have negligible effect



199

on the relaxation frequency. Saleh (18) studied methyl

iodide in cis-decalin at several concentrations. and

found that the enmax at a fixed frequency increases with
concentration up to a certain limit (23 wt. %) and then
decreases with concentration gradually., He could not study
this system in detail owing to the limited solubility: of
methyl iodide in cis-decalin. It seemed worthwhile to

carry out systematic dielectric studies on the effect of

the concentration of the solute molecules on the a- and B-
relaxations in greater depth than any available in the
literature. We have chosen 1l,1,l-trichloroethane and
carbontetrachloride for the purpose for the following reasons:
(a) both the 1,l1,1-trichloroethane and carbontetra-
chloride are almost perfectly spherical and should pack in a
sphere-1like manner;

(b) dielectrically 1,1,l-trichloroethane may be
regarded as a rigid molecule;

(c) it would be simpler than any other detailed study of
two-component mixtures in the literature, and

(a) both are miscible in any proportion.
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V-2 EXPERIMENTAL RESULTS

Both 1,1,1-trichloroethane and carbontetra-
chloride were procured from the Aldrich Chemical Company.
Although these chemicals were of high grade purity (above
997%) they were further dried and purified through fractional
distillation before use. The measured boiling points
and refractive indices showed good agreement with the
literature values. Thirteen concentrations (from 0.9 to
83.4 mol%) of 1,1,1-trichloroethane in carbontetrachloride
and one 50 mol% solution of 1l,1,1-trichloroethane in
silicon tetrachloride were studied. Pure 1l,1,l1-trichloro-

ethane and carbontetrachloride were also measured,

Measurements were done on the GR1621 Precision
Capacitance Measurement System with the use of a three-terminal co-
axial cell between 10 Hz to 105 Hz in the temperature range
77-220 K., The empty cell was tested from room temperature
to liquid nitrogen temperature, and it showed no observable
dielectric loss at any frequencies though there was a
little variation of capacitance. This shows that the cell
has no contribution to the dielectric loss factor.

Some of the systems were measured twice (both by'a-heating

and cooling technique) and each time the dielectric relaxation
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was observed almost at the same temperature region,suggest—
ing that the absorptions were not the consequence of cracks
in the sample. The apparatus and the procedures employed in
the measurements, and the preparation of samples have been
described in a previous chaptér (Chapter II). The methods
employed for the evaluation of relaxation and activation
parameters have also been described previously (Chapter II).

Table V-1 collects the values of AHE, AS along

E
with the AGE and T values at 100 K, 150 K and 200 K for
each system where appropriate. Tables V-2 and V-3 present
the results obtained by Hossain (19) and Saleh (18).
Experimental values of T, logv B and”gf ,

ax? max

at various temperatures obtained for these systems are

listed in Table.V-4.

The plots of dielectric loss factor €' versus
temperature (K) at a fixed frequency for some of
the systems are given as sample plots in Figures V-la to V-4a
Figures V-5b to V-12b show the sample plots of &" versus logv
for the systems mentioned. The Eyring plot, logTt versus
1/T is presented as sample plot for the mentioned systems

in Figures V-13d to V-20d while Figures V-21 and V-22 represent
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the variation of maximum dielectric loss factor, €V s

max

with the concentration of the solute (in mol %) in carbon-

tetrachloride and in cis-decalin at a fixed frequency,

1.01 kH=z.
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V=3 DISCUSSION

Two absorption processes were found for 1,1,1-
trichloroethane in the pure solid state; one in 96-105 K
and the other in the 117-123 K region., The lower tempera-
ture absorption gives broad asymmetric loss curves with a

half-width of V5 decades of frequency. The linear Eyring

plot, logTT versus 1/T, yields the activation parameters
as, AHE = 16 kJ mol-l, ASE = ~-16 J K_1 mol—1 and AGE =
18 kJ mol ™! and T = 1.}2x10_3 s at 100K, The B value for

this relaxation ranges between 0.21-0.26, These parameters
are in gagreement with those obtained by Hossain (19).

Nem.r. studies on 2,2-dichloropropane and 1l,1,l-trichloro-
ethane in the pure solid state yielded values of 13 and 19

kJ mol_1 for the molecular tumbling of these molecules (20).
The AHE obtained for molecular rotation of the almost similar
sized molecule, 2-bromo-2-methyl propane,is 13 kJ mol—1 (19)
Within experimental error, these values are close to our
value which suggests that the lower temperature process of
1,1,1-trichloroethane in the pure solid state may be attributed
as the molecular process. This is also supported by the

lower B-values (0.21-0.26).

The higher temperature dispersion yields

asymmetric loss curves with half-width ~2.2 decades of
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frequency. The loss curves are highly temperature sensi=-
tive. The B-value for this dispersion ranges between
0.51-0.71. The Eyring plot, logTT versus 1/T, though

not appreciably curved, yields higher dielectric parameters,

such as, MMy = 71 kJ mol %, AS, = 440

E
3 K " mol™" and 4Gy = 27 kJ mol™! and T = 7.2x10' s at 100 K.
These values are very close to the values obtained for
other almost similar-sized spherical molecules (19): 2,2-
dichloropropane, 2-chloro-2-methyl-=propane, 2-bromo-2-methyl
propane and methyl trichlorosilane for their a-relaxation.
Baker and Smyth (21) found similar values for 1l-bromo-2--:
methyl propane and l-bromo-2-methyl butane in the glassy
state. They interpreted their results in terms of a
co-operative process similar to those obtained for
associated liquids such as glucose. In this mechanism
it is envisaged that a dipole may only reorientate with
the cooperation of a large region of surrounding molecules.
The AHE for cooperative relaxation of supercooled n-propyl
benzene which is very similar to 1l,1,l1-trichloroethane is
about 80 kJ mol—1 (22)., Thus the higher temperature
dispersion of 1,1,1-trichloroethane having fairly high AHE,
ASE and B values may be attributed to a cooperative relaxa-

tion process involving .the motion of: large regions of the

glassy solid.



205

In our frequency range dried and purified
carbontetrachloride gives a relaxation process in the
temperature range 183-199 K with a dielectric loss of the
order 1.5 x 10_4. This process is reproducible both by
heating and cooling techniques., The dielectric loss factor
and the peak position does not change appreciably after
saturating carbontetrachloride with water for several days.
The relaxation process of carbontetrachloride follows all
the characteristics of a cooperative process, such as
asymmetric loss curves with a half width of ~1.5
decades of frequency, non—Arrhenius behaviour of Eyring

plot, logTT versus 1/T, temperature sensitivity of the

process with high B values (0.6-0.99) and the fairly

high activation parameters: AHE = 47 kJ mol—l, ASE = 67
J K_1 mol_l, and AGE = 40 kJ mol--1 and T = 5.9x108 s at
100 K.

Carbontetrachloride has no permanent dipole,
although it has a small induced moment in the liquid
phase which is considered to arise from collisions of the
neighbouring molecules having quadrupole and higher
multiple moments (23). The results of carbontetrachloride
arenot in harmony with what is to be expected from theory
in that a dipole moment is essential to detect an o-(or a

B-) process. Very recently Walker and his coworkers (24)
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reported that cis—decalin exhibits an oa-process whereas
trans-decalin, which by viture of its symmetry has
no permanent dipole moment, exhibited no absorption in

the range 80-208 K. The results are in harmony with those

EE

o

R
e H ‘ A —‘
‘ / ,3: ) cis-Decalin

Jﬁ@@

trans-Decalin

3

expected from theory. They found that the presence of 17.2,
1.0 or even 0.2 mol % chlorobenzene: (u=1,58 D) in trans-

decalin leads to the detection of an a-process. This behaviour
is also found in another non-polar molecule cyclohexane. From
these they concluded that an a-process may occur in these non-

polar molecule but is detected only when a polar-molecular



207

probe is inserted. The implication from these results

is that 0.2 mol% impurity of even a moderately polar molecule
can lead to the detection of an o-process in a non-polar
molecular system. Very few liquids have a better purity

than 99.8%. Even the spectroscopic—-grade chemicals are

only 997 pure or better. Thus when extremely low loss

(e.g. €"m§10_4) are detected for an a-process, the purity of
the sample needs to be questioned,but normally it is ex-
tremely difficult to establish that a compound is completely
pure. From all these it can be concluded that the cooperative
process in carbontetrachloride may be attributed either

(a) to the presence of trace amounts of polar impurities
which are acting as a probe or (b) to the induced dipole
moment for the highly polarizable chlorine atoms in carbon-

tetrachloride,

Mixtures of 1,l1,l1-trichloroethane and carbon-
tetrachloride in various proportions (from "“v0.9-83 mol %)
in the solid state give signs of only one type of
relaxation process for each system within the temperature
range 98-138 K. The magnitude of the relaxation peaks
depend upon the concentratioq,but there is a negligible
change in the temperature of the peak with change in
concentration. The relaxation parameters for this dispersion

over these wide concentration ranges are: AHE = 22-26 kJ
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mol ~, ASE = 31-64 J K = mol and AGE = 19-21 kJ mol
and T = 2.9x10--3 s at 100 K respectively. It is remarkable
that AHE and AG, stay virtually constant over this wide
concentration range. This bears out that we are dealing
with the same process over this concentration range. This
type of behaviour is also reported by Mansingh (17) for
chlorobenzene in a limited study of-chlorobenzene/cis-decalin mixtures.
These dispersions exhibited by 1,1,l-trichloroethane in
carbontetrachloride have different characteristics from
those of an oa-process. 1In fact,they satisfy the criteria
which characterize a B-process in glassy media, namely
broad asymmetric loss curves, linear Eyring plots, and
relatively small AHE.values. These observation cannot

be accounted for by internal rotation in this molecule as

there 1s no perpendicular component of the dipole moment

to the C—C axis.

Comparison of the AHE values for the B-process
of the ﬂueenmstsphmﬁﬁal molecules, 2,2~dichloropropane,
2-methyl-2-bromopropane (19) and l1,1,1-trichloroethane in
the pure solid state and cis~decalin media (18) (Tables
1, 2 and 3) indicates that both the AGE at 100 K and AHE
valﬁes,are significantly higher in the former state, This

would seem reasonable in that more interaction may be ex-

pected between the polarizable halogen atoms than with the
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halogen and methylene groups (in cis-decalin). When the
dispersion medium is changed from cis-decalin to carbon-
tetrachloride for the solute 1l,l1,l-trichloroethane, almost
similar AHE results (Table V-1 ) to that for the pure
solid., If the B-process for l,l,l1-trichloroethane in the
pure solid and in carbontetrachloride were a molecular
process, then these results would be understandable since

in each case the 1,1,1—trfchloroethane would be reorient-
ing in similar environments of chlorine atoms. It is worth
noting that n.m.r. studies on 2,2-dichloropropane and 1,1,1-
trichloroethane in the solid state yielded values of 13

and 19 kJ mol_1 for the molecular tumbling of these
molecules (20). Thus, our AHE values for 1,1,l1-trichloro-
ethane in both the pure solid state and in the dispersion
medium carbontetrachloride are closely similar to the.
n.m.r. values for molecular tumbling. It would seem that
in this case at least molecular relaxation may well be

the mechanism which accounts for the B-process. The same
order of AHE values for 1,1,l-tricHloroethane in the pure
solid state and in carbontetrachloride may be appreciated
in that both the 1,1,l-trichloroethane and carbontetrachloride
are spherical and may pack together in a similar manner
with no shape or size factors differently influencing the
packing of the pure 1l,l,l-trichloroethane and of a mixture

of this and carbontetrachloride. At the time of rotation
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of the solute molecules the disorder in the system

will be higher for the similar spherical shape and size
of the solute and solvent molecules but a very narrow
range of environments will be encountered by the solute
molecules at any one temperature. This accounts for the
relatively higher entropy of activation and the Fuoss-

Kirkwood distribution parameters, B, for these systems.

An exactly similar type of relaxation process,
as for 1l,1,l1-trichloroethane and carbontetrachloride mixture,

is obtained for 50 mol % (1:1 mixt.) 1,l,l-trichloroethane

in silicontetrachloride in the solid state with slightly different

relaxation parameters, which are AH_ = 29 k.]'mol—1

E
-1 -1 -1 -1
61 J K mol and AGE = 23 kJ mol and T = 4,7x10 s

, AS, =

at 100 K respectively. .This also bears out that the relaxation
frequency 1is determined mainly by the viscosity of the

glassy phase and that the dipole dipole interactions of the

solute molecules have negligible effect on the relaxation
frequency. As silicontetrachloride and 1,1,1-trichloroethane
mixture is corrosive to our cell we could not make a detailed

study of this system.

‘One feature which remained when a comparison

was made of the dielectric data of the pure solid (19) and
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the solute in cis-decalin (18) was the enormous difference
in the enmax values., 1In the pure solid it ranged between
1.5 to 3x10_3 whereas for the solute in cis-decalin the
values for methyl iodide, 1,1,l1-trichloroethane, tert-butyl
bromide and tert-butyl chloride were 12, 58, 69 and 90x10_3.
The dielectric loss depends upon (a) the square of the
dipole moment for the relaxation process involved, (b) the
number of the dipoles in a given volume and (c) the ease
with which the dipole can rotate. Off-hand the loss in the
pure solid might have been anticipated to be the greater
since the number of highly polar molecules in.a given volume
would be much greater. As a consequence, we made a detailed
study of the influence of concentration on E"max for:

(a) methyl iodide in cis-decalin (18), and

(b) 1,1,1-trichloroethane in carbontetrachloride.

The results are presented in Figure V-21 and Figure V-22
respectively. From these figures it may be observed that
only at low concentrations, the maximum dielectric loss
€"max for .a particular frequency (1.01 kHz) is proportional
to the concentration of the solute and that at higher con-
centrations it begins to decrease and may (as in Figure V=21
drop off very rapidly from 3l+7x10-3 (for 43 mol %) to 47x10_3
(for 50 mol %) and then linearly decrease towards the

final pure solute value. Thus, as the case of the pure solid

is approacheq)the loss factor may be appreciably lower than
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the value for a 7 mol 7 concentration - a typical measure-

ment concentration.

It would seem feasible that at the high concen-

trations where molecular interaction would be the greatest

either:

(1) relatively few molecules have sufficient free
volume for rotation to be permitted,

or

(i) the molecules are permitted to turn through
a very limited angle,

or

(iii) a combination of (i) and (ii).



REFERENCES

10.

11.

12,
13.

14,

15.

16.

213

N.G..McCrum, B,E, Read and G. Willéams. Anelastic
and dielectric effects in polyméric solids".
(John Wiley, New York), 1967,

Krishnaji and A, Mansingh) J. Chem. Phys.,
44, 1590(1966).

C. Clemett and M., Davies, J. Physique (Geneva),
(1960) 77,

N.E. Hill, E. Vaughan, A.,H. Price and M. Davies,
"Dielectric properties and molecular behaviour",

(van Nostrand Reinhold, London) 1969.

G.P., Johari and M. Goldstein. J. Chem. Phys.,
53, 2372(1970).

M. Goldstein, J. Chem. Phys., 51, 3728(1969).

G.P. Johari and C.P,. Smyth, J. Chem. Phys.,
56, 4411(1972).

G.P. Johariy Ann. New York Acad. Sci., 279,
117(1976).

G. Williams and P.J. Hains, Chem. Phys. Lett.,
10, 585(1971).

Ibid.,, Faraday Symp. Chem. Soc ., 6, 14(1972).

M. F. Shears and G. Williams, J. Chem. Soc.
Faraday Trans. II, 69, 609(1972).

G.P. Johariy J. Chem, Phys. 58, 1766(1973).
M. Goldstein) Ann. N.Y. Acad. Sci.,, 279, 68(1976).

J. Crossley, A. Haravi & S. Walker) J. Chem.
Phys. 75, 418(1981).

C.B. Agarwal and A. Mansing J. Chem. Phys.
76, 4606(1982).

M.F. Shears and G. Williams, J. Chem. Soc.
Faraday Trans. II, 69, 608(1973).



17.

18.

19.

20.

21.

22.

23.

24.

214

A. Mansingh, C. B. Agarwal and R. Singh, Indn.
J. Pure and Appld. Phys., 18, 583(1980).

M.A. Saleh, Private Communication, this laboratory.

M,S. Hossain, M.Sc. Thesis, Lakehead University,
1982,

E. 0. Stejskal, D.E. Woessner, T.C. Farrar and H.S.
Gutowsky, J. Chem. Phys., 31, 55(1959).

W.0. Baker and C.P, Smyth, J. Am. Chem. Soc., 61,
2798(1939).

T.G. Copeland and D.J. Denney, J. Phys., Chem.,
80, 2106(1976).

J. K. Vij, Nuano Cimento, 1983, 2D, N3, 751.
M., S. Ahmed, J. Chao, J. Crossley, M.S. Hossain and

S. Walker, J. Chem. Soc. Faraday Trans. II,
80(1984).



215

(% T1oW 0%)

9pTIOTYD

—BaA33JUODITIS

ul 3urY3la0101Yd

11719 v 1¥62 L1 0z ¥4 ¢OTX1°9 §-01%8°T 10T%L°y 8ET-%11 =113-T°1°1
(2ang)

spTIoTyd

TLFLY 9FLY €€ Lg 0¥ ,01%6" 1 001%6°C g01%6°¢ 66T-€8T -B1393U0qIEH
(2ang)

T1E€30%% LU EFTL 91- 1°¢ LT gr-O1¥€’6 .. 01%0°Z [01%T°L TZ1-L11 auey320107Yd
YEF91- S EF91 0t 61 81 g-0T¥1°€ ouoﬂxaoH m-OﬁxN.H S01-96 ~Ta3-1°1°1

917L€E L*17FTT SI L1 61 01%0°¢ 01xy°¢ 01%6°¢ 7Z1-86 ce'€g

z176S €'1767 €1 91 61 omuoﬁx¢.N Muoﬁxm.ﬁ Eotxyeg 121-101 £9°99

€179 ¥ 1792 €1 91 61 07-01%0"9 LS “01%8°9 0Z1-101 00°'0S

8765 6°0%°92 1 L1 0z gOTXN° T ,-01X0°¢€ MHOHxN.H 921-L61 08°ZY

£1F6Y S I¥ST ¢l 81 0z 0TX7°C ,_01%6"Y 7OT¥L"1 L2T-601 £€° €L
6FCY 1%62 91 81 12 ¢ OT¥E"Y [ -0T¥1°8 2 0T¥7°2 1€1-601 €6°61
6170¢ 7°7%9¢ 91 61 12 g-0TX1°€ ,-01%6°8 7 0T¥7°S T€1-L01 79°91
€170y 9° 1762 L1 61 12 0199 g 0TXE"T 7 0T%E"Y YET-0T1 £€6°21
6%L€ 1°1%62 L1 61 1c ¢-0T*L"8 g OTXL"T 2 01¥T’S 9¢T1-111 S€°01
Z1F0% G 176T L1 61 17 g-01%6°L g0TXL"T 7 -0T¥€"9 LET-0TT €9y
9FCE 8°0%%C 81 (74 12 01X’ 1 0T¥1°Z 7-0T¥%°S LET-YTT 98°'¢
TIF1E € 1FYC 81 0t 12 g-0T¥¥° 1 g 0TX?°2 7-0T¥€"9 6€1-601 8L0¢
Z176€ 9°1%6¢ 81 0z 44 ¢-01%8°6 g -0T¥1°T 2-0T%L°8 LET-TT1 16°0

Aalaoe Hlx ) Aalaoa A1) A 002 A 0¢T A 00T A 007 A 0ST A .00T
% TR
Isy Tuy _Touw ) (s)1 (H1 uT uoTIEIIUBOU0D

9PTAOTYOBIIAJUOQIBD UT OUBYJILPO0JIO[YOIAJ-[ [ '1 A0J SI[nsel sisAjeuy Sutalg

$T-A d79VL



216

(61 *39¥) uTEsSSOH

6% 18 A3 0T X 0°'%
£€F G8 6¢ 01 X G*¢9
I €1 €1 0T X 0°Y%
8% G/ Y 0T X 0'¢€
9% 18 6T 0T X 0°L
¥ L1 81 0T ¥ 6¢°1
¢+ 99 St 01 %X0°¢C
¥ 1L 0¢ 0T X0°1
2°0% § ST 01 x0°¢
A001 3® A 001 3I®
fow Y ut mmq _Touw [} ut (S)1l s3awTIl uoriexe[ay

1

T

'S

‘W Jo £se3anod 2yl Yy3noayl papraoad BIEQ tALON

£€€°0-€2°0
82°0-0C°0
98°0-%€°0
Z%°0-22°0

¢9°0-8€°0
07°0-0€°0

0Z*0-%1°0

9€°0-82°0

Ly*0-1€°0

38uey-9

xeu
01X 3

@3®3s prios =2and ay3 ur spunodwod STue8lo swos 1037 sid3aweied UOTIBXE]IY

1€1-021

Zh1-621
S6-6L

6ST-%%1

€C1-611
0T1~G6
00T1-S6

60T=-€01

701-28

D1

$T-A

duUeIISO0IOTYD
-T1174y3aR

suedoxdifylsm
-7-owoiq-g

sauedoxdidiyzam
=¢=-01014d2-2

2uBYy320I0IYD
-TXI-1°1°1

auedoad
-010TYdTP-“7 ¢

sueBylawopor

ueyjowowoaxg

9TIND3TOKW

114VL



217

(81 °3°¥) ys1e®es

9°0T -
L8 9° 11
€76 111
9L 9°71
. M00T 3e

p-Tow ry ur Iyp

*V*'W JOo £s231aInod

0Z°0~8T1°0

0Z°0-81°0

12°0-61°0

0z°0-91°0

s3uey-g

2431 y8noayjz papraoad ele( $AION

68-18

98-06

G8-18

%6-08

() L

osuedoadi4dy3zsu
—g=-omwoiq-¢

2UBY120I0TYD
-TI3-T°1°1

survdoad
-010TYyd1p-°“7°¢

2UBYJ2WOpPOT

9INOATOK

UTT®BO9P-SIO Ul spunodmo) OTue3IQ) SWOS I0J SI9]PWEBIBJ UOTIIBXEBIIY

te—-A HTIAVL



218

TABLE V-4: Fuoss-Kirkwood Analysis parameters for 1,1,1-trichloroethane,
carbontetrachloride and solutions of 1,1,l-trichloroethane in
carbontetrachloride and silicontetrachloride.

T (K) 1061(5) logv B 103"
max max

10,03 M 1,1,l-trichloroethane (Pure) Lower Temperature Process
96.1 2832 1.75 0.21 1.1

98.6 1470 2,03 0.25 1.2
101.9 770 2.32 0.26 1.4
104.9 458 2.54 0.26 1.6
10,03 M 1,1,1-trichloroethane (Pure) Higher Temperature Process
117.0 254 2.80 0.51 16.4
117.7 164 2.99 0.53 16.3
118.5 91.0 3.24 0.59 16.5
119.3 55.0 3.46 0.65 16.9
120.0 36.9 3.63 0.68 16.8
120.9 23.0 3.84 0.71 17.0
121.7 14,5 4,04 0.71 17.1
10.36.M Carbontetrachloride (Pure)

183.1 2143 1.87 0.62 0.14
186.1 1412 2,05 0.60 0.14
190.9 570 2.45 0.71 0.16
196.3 268 2,77 0.87 0.16
199.0 169 2,97 0.99 0.14
202,1 165 2,98 1.00 0.14
204.7 191 2,92 1,00 0.13
208.4 2210 1.86 0.81 0.31

8,40 M 1,1,1-Trichloroethane (5:1 mixt., 83.35 mol %)

98.0

99.6
102.2
104.1
106.5
108.2
110.7
113.7
116.7
119.4
122,0

7729 1.31 0.26 6.8
3495 1.66 0.29 7.1
1369 2.07 0.35 7.8
749 2,32 0.38 8.3
483 2.52 0,40 9.0
309 2.71 0,42 9.5
187 2,93 0.43 10.6
92.6 3.24 0.44 12.0
52,2 3.48 0.41 13.7
34.2 3.67 0,40 15.7
22,5 3.85 0.38 18.2



TABLE V-4: continued... (page 2 of Table V-4)
T (K) 1051 (s) logy 8 103
max

6.78 M 1,1,1-Trichloroethane (2:1 mixti, 66.67 mol %)
101.0 4307 1.57 0.33 19.4
102.0 3472 1.66 0.36 19.8
103.5 1638 1.99 0.40 21.0
106.0 865 2,26 0.42 22,6
109.4 343 2.67 0.44 24,9
112,1 173 2,96 0.47 26.7
116.0 65.8 3.38 0.55 30,1
119.1 37.5 3.63 0.55 32.5
121.6 23,2 3.84 0.53 35.4
5.1 M 1,1,1-Trichloroethane (1:1 mixt., 50 mol %)
101.4 5303 1.48 0.37 30.4
102.5 3270 1.69 0.39 31.6
103.6 2221 1.86 0.41 32,4
104.3 1738 1.96 0.42 32.9
106.3 897 2.25 0.45 34.9
107.8 627 2.40 0.46 36.2
110.6 275 2.76 0.50 38.6
113.4 134 3.07 0.55 40.9
118.6 47.3 3.53 0.62 45,5
120.2 34.8 3.66 0.65 47.6

4,37 M 1,1,1-Trichloroethane (1:1.3 mixt., 42.80 mol %)

107.8
110.0
112.1
113.5
116.2
119.3
122.0
123.7
126.6

1332
714
404
267
142

70,2
43.1
26.8
16.9

2.08
2,35
2,60
2.77
3.05
3.36
3.57
3.77
3.97

[eNeoloNeNeNoNololol
[o )NV, IRV, s S S CS I FU R V)
WNULTWODNWWOWO

L] L] L[] L] L] L] L] L .

283
290
294
302
308
321
326
337
346
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TABLE V-4: continued... (page 3 of Table V-4)

T (K) 10%1 (s) logy B

max

3,42 M 1,1,1-Trichloroethane (1:2 mixt., 33.33 mol %)

220

;;‘i\'
-

e

105.5 3801 1.62 0.31 231
108.5 1425 2,05 0.36 240- ¢
111.5 652 2.39 0.39 249
114.3 337 2.67 0.37 2547
117.6 141 3.05 0.44 264
120.5 75.2 3.33 0.50 271
123.3 45,2 3.55 0.57 277
127.5 23.6 3.83 0.70° 290
2,05 M 1,1,1-Trichloroethane (l:4 mixt.; 19.93 mol %)
109.0 2207 1.86 0.35 177
110.9 1193 2,13 0.39 182
113.6 544 2,47 0.45 186
116.6 270 2,77 0.51 190
119.6 162 2.99 0.46° 193
122.2 87.4 3.26 0.52 196
126.3 41,2 3.59 0.62 200
128.9 23.8 3.83 0.65 . 209
131.5 15.7 4,01 0.67 211~
1,71 M 1,1,1-Trichloroethane (1:5 mixt., 16,62 mol %)
107.7. 16987 1436 . 0429 139
108.6 4200 1.58 0,32 140
111.6 1393 2.06 0.38 145
115.8 502 2.50 0.44 151
118.4 258 2.79 0.49 154
121.0 160 3.00 0.50 155
124,8 66.2 3.38 0.57 160.
128,7 35.1 3.66 0.66 1164
131.5 24,9 3.81 0.74 167
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TABLE V-4: continued,.. (page 4 of Table V-5)

T K T ] L]

1.33 M 1,1,1-Trichloroethane (1:6.7 mix., 12.93 mol¥

109.7 3417 1.67 0.33 110
111.7 1773 1.95 0.36 112
113.4 1052 2,18 0.40 115
116.4 485 2,52 0.47 117
119.4 238 2.83 0.55 1120
122.3 139 3.06 0.57 121
125.5 67.1 3.38 0.62 1124
128.4 42,5 3.57 0.65 124,
131.1 28.5 3.75 0.72 129.
134.5 18.0 3.95 0.80 131.

1,07 M 1,1,1-Trichloroethane (1:8.7 mixt., 10.35 mol %)

111.5 2459 1.81 0.46 90.3
113.4 1373 2,06 0.47 91.9
116.1 710 2.35 0.53 93.4
118.5 400 2.60 0,55 - 93.9
120.3 271 2,77 0,60 96.1
122.9 143 3.05 0.58 96.4
127.5 68.3 3.37 0.72 100

130.1 36,3 3.64 0.64 -99.6
132,7 26.4 3.78 0.72 103

135,7 17.1 3.97 0.80 105.

0.66 M 1,1,1-Trichloroethane (1:14.6 mixt., 6.43 mol %)

109.7 8374 1.28 0.28 £62.9
112.8 2085 1.88 0.35 64.3
115.7 825 2.29 0.42 6519
120.0 284 2.75 0.51 65.5
122.9 191 2.92 0.51 68.1
125.9 103 3.19 0.60 . 68.6
128.6 64.7 3.39 0.67 698
131.0 37.9 3.62 0.67 6843
134,3 20,0 3.90 0.72 71.1

136.7 14.3 4.05 0.78 72.1



TABLE V=4: continued... (page 5 of Table V-4)
T (K) 10%7 (s) logV 8 103"
max

0.61 M 1,1,1-Trichloroethane (1:16 mixt., 5,86 mol %)
114.,3 1141 2,14 0.40 61.6
117.0 694 2,36 0.41 61.7
118.9 450 2.55 0.46 62.8
120.6 314 2,71 0.44 62.0
123.7 165 2,98 0.53 63.4
126.6 92.4 3.24 0.62 64.0
129.2 52,4 3.48 0.63 65.3
131.8 33.8 3.67 0.70 65.1
134.9 22,9 3.84 0.78 66.0
137.5 13.1 4,08 0.79 67.4
0,29 M 1,1,1-Trichloroethane (1:35 mixt,, 2.78 mol %)
109.4 14515 1.04 0.27 31.2
112,2 3868 1.61 0.31 30.9
115.5 1150 2.14 0.40 32.1
118.0 587 2,43 0.45 32.1
120.9 279 2,76 0.52 32.3
124.1 187 2.93 0.52 33.1
126.9 108 3.17 0.59 33.1
129.5 55,2 3.46 0.64 33.4
132.7 36.0 3.65 0.69 32.7
135.8 19.5 3.91 0.75 33.7
138.5 13.5 4.07 0.80 34.1

0.09 M 1,1,1-Trichloroethane (1:108.7 mixt,, 0.91 mol %)

111.9
114.6
117.4
120.3
124,1
126.8
129.4
132.0
134,7
137.4

6276
2008
881
382
178
112
59.8
36.4
23,9
17.1

1.40
1.90

2.26

2,62
2,95
3.15
3.43
3.64
3.82
3.97

[oNeoNoNeNoNoNoNeNolNol
e o o o o o ¢ o o
~NOPM~OOOHFROULEULLWO

10.9
11.2
11.3
11.5
11.6
11.5
11.5
11.5
11.7
11.5
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TABLE V-4 continued... (page 6 of Table V-4)
T (K) 10%1 (s) logb 103"
max max
5,0 M 1,1,1-Trichloroethane in Silicontetrachloride (1:1 mixt., 50 mol %)
114,2 7674 1.32 0.38 156
116.4 3289 1.68 0.41 156"
118.3 1847 1.94 0.43 155
120.9 1008 2,20 0.44 158
123.8 447 2,55 0.48 158
127.7 170 2.97 0.55 161:
130.2 106 3.18 0.55 162"
132.6 63.6 3.40 0.59 164
135.0 40,2 3.60 0.60 1607
137.7 27.1 3.77 0.59 166/,
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