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"T4 anyone wishes to search out the
thuth of things Ain sernious earnest,
he ought not to select special science;
fon all scdences are co-jodned with
each other and intendependent'...

Descartes, rules for the direction
of the mind

TO MY PARENTS



ABSTRACT

This thesis investigates mainly the molecular and
intramolecular relaxation processes of some aromatic and
aliphatic molecules containing rotatable polar groups and
some analogous rigid molecules dispersed in (a) atactic
polystyrene matrices and (b).cis—decalin. Sample prepara-
tions and the dielectric measurements using General
Radio 1615A and 1621 Capacitance bridges with appropriate
temberature controllable cells have been described. The
glass transition temperature (Tg) measurements using the
Glass Transition Apparatus have also been described. The
experimental data as a function of frequency at different
temperatures were subject to analysis by a series of
computer programs written in APL language. The activation
energy barriers opposing the dielectric relaxation processes
were obtained by the application of the Eyring rate

equation.

Of the spherically shaped rigid polar molecules
examined in cis-decalin, both B- and o-relaxations are
detected in most gf the compounds. Dielectric data for
a-relaxations are described by the Cole-Davidson skewed

arc function. The AHE values of the B~process increase

appropriately with molecular size but are largely in-



dependent of the glassy medium. The R-
processes for these systems are attributed to molecular

relaxation which ma ossibly occur in a "solvent cavity".
y P y y

Of the aromatic flexible molecules, a variety of
anisoles have been studied in cis—decalin. In the systems
studied methoxy group relaxation except for the para-fluoro-
anisole. The barrier to methoxy group rotation 1s independent

of para-substitution and the choice of solwvent.

In the long chain polar molecules of the types

CHB(CHZ)nX (where X = -CH,Br, -COCH; and —NH2) and
0 H
[CH3(CH2)H]2Y (where Y = 1 S ’/O\\ and N )

C87
where n lies in the range between 2 to 20 two distinct

relaxation processes are found for molecules with n<é6 in a
polystyrene matrix. Both AHE and relaxation time are found
to increase with the increase in the number of carbon atoms
in the chain for the low temperature absorption. The

nature of polar end groups has negligible influence on

the relaxation time and AHE values for the low temperature
absorption of molecules of the type CH3(CH2)DX. The low
temperature absorption which is insensitive to the viscosity
of the media idéntified as the intramolecular rotation

about the C-C bonds involving the movement of the polar

group. The high temperature absorption is attributed to



molecular rotation. The location of dipole away from the
chain end has negligible influence on the relaxation time
and AHE values for the low temperature absorption of long

chain amines and ketones.

The data for the long chain polar molecules may
be successfully analyzed in terms of a model which involves
a molecular relaxation process (governed by a Mo movement)
and segmental motion involving movement of the polar group
(characterized by a Mg dipole moment). The extrapolated
values of Mo and M at 330 K lead to a molecular dipole

moment in reasonable agreement with literature values.
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CHAPTER I

INTRODUCTION AND BASIC THEORY



CHAPTER 1

INTRODUCTION

Dielectric investigations are becoming an
increasingly important tool for studying the molecular
and/or intramolecular motions of molecules containing
rotatable polar groups. The dielectric absorption of
aromatic molecules which contain a rotatable polar group
at microwave frequency may contain contributions from
whole molecule and intramolecular group reorientations
These types of studies were mostly performed either as
pure liquids or in non-polar solvents. In the vast
majority of cases, however, the dielectric abéorption of
the group and the molecule itself are nearly always
overlapped (2) so that it is difficult to attain
reliable results for the energy barriers associated
with the relaxations. Group relaxation times, obtained
by.BudJ analyses of the loss data, and the activation
enthalpies for internal rotation generally contain

appreciable errors.

In recent years, the dielectric absorption
studies of polar solutes dispersed in a polymer-matrix

such as polystyrene, polypropylene and polyethylene matrix



have received considerable attention in the literature.
It has been found to yield reasonable reliable intra-
molecular energy barriers (3,4) as compared to other
relaxation techniques (n.m.r. and ultrasonic)(4). One
of the great advantages of polymer-matrix techniques

is that for a system with a flexible polar molecule,
where both the molecular and intramolecular process over-
lap at microwave frequency around room temperature,

the relaxation time for the former can be increased

to such an extent either it may be considerably slowed
down or may even be eliminated owing to highly viscous
surrounding medium, so either or both the processes

may be studied independently. Such a technique appeared
more straightforward in comparison to the dielectric
solution approach, since in solution studies complications
are frequently met owing to overlap of different types

of processes which for their separation require a Bud§
analyses which in a number of cases, is now known to be
unsatisfactory (4). Moreover, the frequency and tempera-
ture ranges accessible to the solution studies are fairly
limited, and hence relaxation parameters cannot be
obtained with reasonable accuracy. However, these
limitations may be overcome in the polymer matrix
techniques, since different instruments can be used to

cover a wide frequency range of investigations over a



broad temperature range 1i1.e. from liquid nitrogen
temperature [v80 K] to the glass transition temperature
of the matrix system.. Thus, it seemed that the
technique can be used more reliably for defermining the
activation parameters comparable to those determined by

other direct relaxation methods.

One of the most commonly used polymer solvents
is polystyrene. Polystyrene 1is used as the solvent for
a matrix, which contains the cavities within which the
solute molecules can be trapped (3,5). Since polystyrene
is almost a non-polar solvent, studies in which polar
molecules are monomolecularly dispersed in the matrix
are simplified by the very low loss of polystyrene,
Samples of polystyrene have low losses which are less

than 1)(10-3 over the frequency range 100 Hz to 1 GHz,.

Most recently, three other molecular glass
forming solvent systems, o-terphenyl, polyphenyl ether
and cis-decalin have been used by polymer-matrix technique.
o—Terphenyi is a non—-polar solvent which melts at 328.7 K
and the liquid may be cooled to a glasé with an apparent
glass transition at 243 K (6). Polyphenylether is a six-ring
meta-linked bis(m(m-phenoxy phenoxy)phenyl)ether with

a glass transition at about 270 K (6). <cis-Decalin 1is



a weakly polar solvent.having the glass transition
temperature at about 131 K (6). It has very little
dielectric loss of its own (less than 1x10_3 over the
frequency range 10 Hz to 100 kHz) below its glass
transition temperature. The polyphenyl ether differs
from o-terphenyl, cis-decalin and polystyrené in that
it is more polar since it contains polar ether linkages
and has a comparatively large loss, o-process just
above its Tg’ but the absorption in the glassy state

is of the order of (1 - l.leO—B) which is quite small

(16).

There 1s now a considerable amount of_litera—
ture available for the dielectric absorption studies of
aromatic molecules having a rotatable polar group whose
dipole is not directed élong a molecular axis and in which
the intramolecular process ﬁas been completely
separated from the molecular one in a polystyrene matrix

(7-10).

‘Aliphatic long chain polar molecules are far
more flexible and may exist in a variety of molecular
conformations; intramolecular rotation may occur about
many bonds and involve molecular segments of different

~size. If barriers for rotation of various groups are



not very different, overlapping absorptions then ensue

with broad absorption curves and a wide distribtuion of
relaxation times. At migrowave'frequency the long-chain
polar molecules as pure liquids and in non-polar solvents
are unresolved and diéplay some distribution of relaxation
times (11-14). Utilization of restrictive media (poly-
styrene, polypropylene andrcompressed solids)‘has now
permitted the observation and characterization of a

number of relaxation modes (i.e. around C-C bonds) common
to long-chain organic molecules, A successful separation
of intramolecular process from the large segmental and/

or molecular one for the 1ong-éhainraldehydes in a poly-
styrene matrix has recently been reported in the literature

(15).

The research work which is presented in this
thesis concerns itself primarily with relaxation studies

of long-chain polar molecules of the types, CHB(CHZ)nX

= _— —C - =
(X CH,Br,-COCH, and NHZ) and [CH3(CH2)n]2X (x
@ H
-~
77N\ )/S\,/O\ 2. gl ) mainly in a polystyrene matrix,

although a few has been examined in polypropylene and o-
terphenyl as well. The aim was to separate completely
the absorption peaks of some or any of the relaxation

processes and characterize by means of its Eyring



activation parameters.

A number of dipolar solutes, both rigid and
flexible, have also been studied in cis-decalin in order
to make possible comparisons between Eyring parameters
observed for molecular and intramolecular motions in

other solvents.



BASIC THEORY

Two fundamental ty?es of dielectric materials
are recognized that are characterized by the absence of
free charge able to move through the material under the
influence of an applied electric field. 1In non-polar
dielectrics, all electrons are bound, and so the only
motion possible in the presence of an electric field is a
very limited displacement of positive and negative charge
in opposite directions. The non-polar molecules normally
possess induced dipole moments and the material is said
to be polarized. A polar dielectric material is one

which has a permanent electric dipole moment.

The total polarization (PT) of a dielectric

material in an applied electric field can be described

by the Clausius - Mossotti - Debye theories (17) as?
PT = PE + PA + PO
2
= 4TIN (O(,E + OLA + U
3 3kT
= ¢ —- 1 M
LN I-1
o (=)



where € ... static dielectric constant
M ... gram molecular weight
d ... density of the material
N ... Avogadro's number
W ... electric dipole moment
K ... Boltzman Constant

T ... absolute temperature

From the equation (I-1), it is seen that three different
processes contribute to the total polarization (PT)'

(i) Electronic polarization, P (or deformation of

B’
electron cloud) which means the electron density is drawn
away from the nuclel.

(ii) Atomic polarization, PA, (or displacement of ions)
due to changes in the mean position of the (8+) atoms

and the (8-) atoms or due to the change of the relative
angles of polar links,

(iii) Orientation polarization, Py (or orientation of
electric dipoles) of a permanent dipole moment of a polar

molecule., In order to achieve minimum energy, the dipole

moment tends to align itself along the field.

The quantity (EO—I)M/(€O+2)d is known as the
molar polarization. From the equation (I-1), the

following conclusions can be made. For a non-polar
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material the molar polarizability should be a constant
independent of the temperature and pressure, An increase

in the density leads to an increase in permitivify. For

a polar substance the molar polarizability falls with in-
creasing temperature, because the thermal agitation de-
creases the dipolar polarization. If a plot of molar
polarizability versus the reciprocal of temperature is made,
a straight line is obtained, from whose slope the dipole

moment of the molecule can be found.

The Clausius - Mossoti - Debye theories are
applicable to gases, but are often inadequate when applied
to polar liquids, due to the ihability‘of the Lorentz field
used in these theories to représent adequately the local

field in a dipolar dielectric,

In order to give a theory which would extend
the relation between permitivity and dipole moment to- liquids
and solids, Onsager (2) developéd a theory on the assump-
tion that therg exists a cavity which is a sphere in a

homogeneous medium of static dielectric constant, € ,

(e = ) (2¢ 4+ <)
o 0 o oo

4WNU2 -2
9k T

AR
0

2
eo(ew+2)
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where € _ is the dielectric constant at very high
frequency when the orientation polarization vanishes.

Hence equation I-1 becomes,

From equation I-1 and I-3, Debye equation follows:

4WNU2

3 (e - &)
9kT

(e + 2)(e +2)
o o)

A=

From equation I-2 and I-4, we can obtain a relationship
of dipole moment between the Onsager and the.Debye

equation as follows:

uz(Onsager) 2 (g +e.) (g +2)
2(Debye) ge 0 +g)
U o €

For gases at low pressure Eo and € _ are
practically identical and thus the Onsager equation 1is

K}

reduced to the Debye equation.

When an insulating material is placed in an
electric field it becomes polarized, due to the relative
displacement of positive and negative electric charges

in the material. The ratio of the field sttrength
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without any dielectric to that in the.presence of the
dielectric is called the static dielectric constant
(relative permittivity)so of the material. For majority
of normal-sized polar molecules in non-polar solvents,
the three components of PT, namely PE’ PO and PAx can all
" reach their equilibrium values when the applied field is
of the order of 108 Hz or less., As the frequency of the
applied field increases, the dipoles begin to lag behind
and the polarization (PO) falls off so that its contribu-
tion to the total permittivity decreases. It is this de-
crease in polarization and permittivity and the resultant
absorption of energy which describes the dielectric dis-
persion. The phase difference between the appiied field
and the dipoie reorientation causes a dissipation of

energy known as Joule heating which is measured by the

dielectric loss (") defined below as

e = €' tand I-6.
where €' is the real component of the complex term
of the dielectric constant and tand is the loss tangent

or energy dissipation factor.

The complex quantity of the dielectric constant

in the dispersion region can be represented by the
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following equation and diagram,

ex = €' - ie", where i = Y=1  =m——-o—muo_ I-7

8'

Figure I-1, Loss tangent curve

The absorption region associated with different
mechanisms of polarization occcurs in different parts of

the electromagnetic spectrum, as shown in fig. I-2,



log v

Figure 1-2. Total polarization versus log frequency curve
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Between points A and B on figure I~2.the total
polarization (PT) decreases expectedly as the frequency
increases and the dielectric constant becomes complex.

It is over the region A to B that the dipole moment begins
to lag behind the applied field. When the applied frequency
is beyond that of molecular reorieﬁtation, atomic polariz—
ation arises at frequencies of 1012 to 1014 Hz, corres-—
ponding to the infra red region of the electromagnetic
spectrum. The electronic polarization occurs with a

13 Hz which corresponds to frequencies

freQUency of about 10
in the ultraviolet region. The time required for the
orientation polarization response depends in part on the
frictional resistaﬁce of the medium to the change in mole-
cular orientation. In a highly viscous medium a molecule
will encounter more frictional drag aé it rotates than in
a low viscosity medium. This will result in a longer
period for molecular reorientation 1in a more viscous
medium. Small molecules in liquids of low viscosity

reorientate themselves in a period of 10—115 to 10_123

11 012

with frequencies of 10 to 1 Hz. These frequencies

corresponds to the microwave region.

Dielectric relaxation is the exponential decay
of the polarization with time in a dielectric when an ex-

ternal field is removed. The relaxation time, T is defined
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as the time (t) during which the polarization is re-

duced to 1/e times its original value (PO), therefore,

P(t) = Po exp(-t/1) I-8
where P(t) is the specific polarization at time, t in

an electric field.

The frequency dependence of the permittivity
(e') and the dielectric loss (€") in the region of dielec-
tric absorption for a system is characterized by the
Debye equation.
EO-EQ’

f = + _— —
€ oo 1+ 1wt 1-9

. . -1
where w 1is the angular frequency in rad.s and Eo and
£, are the static and infinite frequency permittivities
respectively. Separétion of equation I-9 into its.real

and imaginary parts gives equations (17,19) I-10 and I-11.

€
_ur(eo— o)

1+w212

The relaxation time,T of a system can also



be obtained from the following equations:

wtT = 1
w = 27y
m

)
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The maximum permitivities (e'max) and

maximum loss (&" ) can

max

wT=1 in equations I-10 and I-11 respectively.

Elimination

gives equation I-15,

This is the
lying on the abscissa.

plot of semi-circle

is plotted against €' at the same frequencies.

+ o
2
€
Qo= @
2

now be obtained by putting

of wT from equations I-10 and I-11

equation of a circle with the centre

This function leads to a Cole-Cole

of radius

€
o -

2

[0}

when "
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Debye equation, I-9 is valid only when there
is single relaxation process. Since many molecules
exhibit a range of relaxation times, rather than single
relaxation time, Coie and Cole modified equation I-9 to
consider a symmetrical distribution of relaxation times

about the mean relaxation time, T,:

€
€% = € —_ el -
7 - T 1+(it w)l-a 1-16

£
0=

where ¢ is the distribution paramater which may have
values between O and 1. When 0=p, the Debye equation 1is

obtained.

Similarly, equation (I-16) can be separated
into real and imaginary parts to yield analogous Cole-Cole
plot where the centre of ghe semi~circle lies below
abscissa:

(50"500)( 'l+(wT0)1—OL sin(0m/2))

el =g F i-a 7(1=0)
« 1+2 (Wt ) sin(om/2)+ (0T )

(Eo—em)(wTo)l_@ cos (am/2)

1+2(wfo)l—aSin(aﬂ/2)+(wTO)2(1_a)
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A number of functions have been considered for
non-Debye type of absorption. Cole and Davidson have for-
mulated a function which describes right-skewed arcs (21)

€ - €

ek = gt - 1e" = ¢ +__9_____°.;. 19
B
(1+iwT)

=t
[}

where B is the asymmetric distribution co-efficient whose

value lies in the range 0<B<1l,

Fuoss and Kirkwood (22) also developed a theory
regarding the distribution of rleaxation times. The
equation 1is

E” )

—E%EE—) = 2,303Blog ( ?fx)

1

(

cosh

=20

where B is a significant empirical parameter whose inverse
measures the width of the absorption relative to the

Debye process (B =1),

In some cases where the moleculés are flexible,
the dielectric absorption can be characterized by two
discrete relaxation processes which corresponds to mole-
cular and intramolecular rotation. For such systéms

Budd (23) developed the following equation which sums up
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the Debye terms.

where k is the relaxation time for the kth mode of re-
laxation and Co is a factor (called weight factor) re-
presenting the proportion of contribution of the kth

mode to the total dispersion. Thus for a system having

two discrete processes with relaxation times T, and T

1 2
the following equations can be deduced:
C C
e' = e+ (e -e_) { L. — + 2 ' 3
© 1+(wt, ) 1+(wt,)
1 2
C.wT
' 171 C, wrt
En _ (eo_em) { , + 2 2
1+(wT1)2 1+(wT2)2

Where c1 and c2 are the weight factors and c1+c2=1. When

C /C, is small, an almost symmetrical Cole-Cole plot 1is

1" 72

obtained. Systems with significantly large Tl/Tz and

c./C

1 ratios may have two processes separated into two

2

distinct absorption regions.,.
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A number of models have been suggested to
account for the relaxation processes of molecules.
Debye (1) has suggested a simple relaxation mechanism.

In his theory each dipole has two equilibrium positions

energy

Free

Dipole ratiomal angle.

Figure I-3 Energy barrier'diagram for a rotating dipole.

which are equal in energy and opposite in direction. The
two equilibrium positions are separated by an energy

barrier, AGE. This 1is illustrated in Figure I-3a. In such
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a situation the dipole will oscillate with a frequency fo
to within the potential minima, and sometimes acquire
enough energy to jump over the barrier, However, at any
instant in time there are equal numbers of dipoles in
each equilibrium position in the absence of an external

field,

The energy barrier between the equilibrium
positions of the dipoles can be obtained from the tempera-

ture are dependence of the frequency of maximum absorption,

fmax by means of the equation (8),
1 f
o
fmax = 5 T = rﬂ exp(—AGE/RT)

I-24

where R is the universal gas constant and T 1s the absolute
temperature, In many molecular systems, particularly
solids, the equilibrium positions are unequal as shown 1in

figure I-3b,

Eyring has treated the dipole rotation by a
comparison with chemical rate process (7). The more

commonly used equation 1is

kTK
h

1 - —-— —
== exp ( AGE/RT) I-25



Where h is the Planck's constant, k is Boltzman's

23

constant, and K is the transmission co-efficient normally

taken to be 1. now,

26

AGE = AHE - TASE I
where AHE is the enthalpy of activation and ASE is the

entropy of activation, thus:

h_

T =T

exp (AHE/RT) exp (-ASE/RT) 1-27

from equation I-23 it is evident that a plot of

log(TTt) versus 1/T should give a straight line.

The value of AHE and ASE may be obtained from the slope

and intercept respectively,
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INTRODUCTION

In this thesis most of the chemical systems
studied were experimentally examined as solutes dissolved
in (a) cis-decalin, and (b) atactic polystyrene. The
solutes were either polar liquids or solids. c¢is-Decalin
and atactic polystyrene were purchased from the Aldrich
Chemical Co..and the Divisiqn of Haven Industries, Inc.,
Philadelphia, U.S.A. (Loﬁ. No. 700-228-20) respectively.
Liquids were measured in a three terminmal co—-axial cell

and solid disks in a parallel plate capacitor cell.

Dielectric_measurements were performed by the
use of General Radio 1615A capacitance bridge and the
General Radio 1621 Precision Capacitance Measurement system.
The glass transition temperature, Tg of some of the Chemical
systens, were measured by the use of the Glass Transition

Measurement Apparatus. This instrument has been designed

by Mr. B.K. Mofgan of this laboratory.

Dielectric properties of a polar material can
conveniently be considered by assuming it to be situated
between the parallel plates of a condenser such that the
dielectric constant (€) of the material may be defined by

the equation:
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'.é% II-1
»whete c énd Co are the capacitance values for the condenser
with the dielectric material and with vacuum:respectively;
When a sinusoidal potential of amplitude € and frequency

w rad s_1 is applied to the capacitor, the current, I,

flowing through the circuit is given by:
I = EwC = EwCoA(e'—é") I1-2

In this equation the real component EmCOE', known
as charging current is 90° éut of phase with the applied
potential and therefore, does not involve any electrical
work. The imaginary component, EwCOEV, known as the loss
current, is, however, in phase with the applied potential
and is related to the emnergy dissipated as heat since it
causes some electrical work to be done by the dot product,
EIl = Ezwcoe”. As was given by equation I-6, the resulting
phase displacement (§), (i.e., the angle between the total

current and charging currents is related to the dielectric

loss factor (e") as:

loss current
charging current

tand

11
) EwCog

X ]
Ewcog
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where €' is the observed dielectric constant according to
equation II-1. These are the basic principles of the

dielectric measurements.

THREE~TERMINAL COAXIAL CELLS

The cells, designed by Mr. B.K. Morgan of this
laboratory, were described earlier by previous workers.
However, the cells which were used for this work are illustrated
in the following figures (reproduced by the courtesy of
D.L. Gourlay (1)). Figure II.1 and Figure II.2 represent
the two three-terminal coaxial cells. The cell shown in
Figure II.1 is circular and has concentric stainless steel
electrodes, A and B, Their shape permits the rapid trans-
fer 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 circumferénce of electrqde 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 liquid sample can conveniently be introduced
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into the 0.50 cm gap between electrodes A and B by a.
disposable pipette which should first be pushed to the
bottom of the semicircular hole cut vertically in the edge
of electrode A. Tests have shown that if tﬁe gap between
the electrodes if filled from the bottom all the air will
be expelled. One and one-half mililiters is enough to fill
the cell. To empty it the sample is sucked up with a
dropper and the electrodes are flushed with solvents (first
acetone and then with cyclohexane) several times. To dry
the electrodes a cotton swab is pushed down the filling
hole. Any remaining liquid is removed by wiping around the
electrode gap with 2.50 c¢m wide strips of cardboard. Hot

air is also blown to dry the cell completely.

The 1lid of cell G is secured to the case by five
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
microw cellular polystyrene foam which 1is 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,
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The cell can be rapidly cooled by replacing a
3 litre flat—bo£tomed aluminium container of liquid nitrogen
to cover the 1id, G., The vertical sides of the nitrogen
container are insulated with polystyrene foam. When the
desired temperature is reached an appropriate number of
sheets of paper is placed between the nitrogen container
and the 1id to reduce the rate of cooling. Equilibrium
is maintained by a Thermo Electric thermo-regulator model
3814021133 connected via a variac transformer to heater H,
This heater is a 300 watt 110 V ARI Industries heater, model
number BXA-06F-40-4K, but we run it at about 60 V. The
temperature is measured by a Newport 264-3 digital platinum
resistance pyrometer. Its probe, J, 1s partly insulated
from the heater by a Teflon sleeve. The upper temperature
limit of the cell is about 368 K, just below the temperature

at which the polystyrene deforms.

Connections are made to electrodes A and B through
screws insulated by teflon sleeves and mica washers,
The beads of the screws are screened by a 2,5 cm wide
aluminium block witH three 1.25 ¢m diameter holes cut into
it. The screw from electrode A is connected to a miniature
coaxial cable which enters through the side of the block,
The cable has Teflon insulation (type number - RG-316/U),

A similar coaxial connection is made to one of the screws
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. from electrode B. The cables are conﬁected to the GR

Bridges via extension cables if required.

The principal merits of this cell are its thermal
characteristics which allow the sample to reach equilibrium
temperature quickly. The rigidly fixed coaxial electrode
design gives a very stable cell constant with a very small
stray capacitance, Finally, the cell uses only a small

volume of liquid and is easy to clean.

Another type of cell, parallel plate capacitor
cell, used for solid disks, also designed by Mr. Morgan

is shown in Figure II.2.

THE GENERAL RADIO BRIDGES

The GR1615-A Capacitance bridge and the GR1621
Precision Capacitance Measurement system are manufactured
by the General Radio Company, Concord, Massachusetts,
U.S.A. The GR1615-A bridge allows measurement of the
capacitance and cdnductivity of a sample to be made at
frequencies ranging from 50 Hz to 105 Hz. This system
consists of GR1310-B since wave signal generator and 1232-A

tuneable amplifier - null detector, while the GR1621 system

consists of the GR1616 Precision Capacitance bridge with
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the GR1316 Oscillator and the GR1238 Detector. This

GR1621 system measures the capacitance and conductivity

of a capacitor more precisely in the frequency range of

10 Hz to 105 Hz. After warm—up the frequency stability

is typically within * 0.001% for a few minutes. Also,

with the help of this later system a wide range of capacitance
can be measured, extending from the resolution limit of

0.1 aF (10—7 picofarad) to a maximum of 10 uF (10 microfarad),

with internal standards, or farther with external standards.

This 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 (2):

e!' = Cc/C I1I-4

and

e G/wC II-5
o

where G is the conductivity of the system and the other
forms have their usual meaning, mentioned‘previously.
Actual measurements were made by bringing the bridge into
balance as indicated by nuli-detector for solutions studied
in different three-terminal co-axial and parallel-plate

capacitance cells.
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SAMPLE PREPARATIONS AND DIELECTRIC MEASUREMENTS

Liquid samplés were used in the co—éxial cells,
The solutions were prepared by adding a given quantity
of solvent such that the resultant solution had a weight/
weight concentration of aboﬁt 8% or less depending upon
the magnitude of the dipole mément of the solute and, 1in
certain cases, on the solubility of the solute in the
solvent. The two main solvents used in these studies were
cis—decalin and polystyrene. The solutions were then left

for about twenty-four hours to ensure a homogeneous solution.

For a chemical system, the dielectric character-
istics of which were unknown, the sample was cooled to near
liquid nitrogen temperature and slowly heated up to the
glass transition temperature while capacitance and dissipa-
tion (conductance in the case of GR1621) at recorded tempera-
tures were taken periodically. From the resultant plot of
loss factor (€") versus temperature (K) at a fixed frequency,
suspected areas of dielectric absorption were identified.

The system was then heated again to 295 K and cooled
quickly to some temperature well below the temperatdre

at which the absorption process was expected to begin from
the lowest frequency of the measurement, Full frequency

dielectric measurements at specific temperatures were then
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carried out.-so as to obtain as broad a logfmax range as
possible. The temperéture was recorded to an accuracy of
+0.1°C with the help of a Newport 264-3 platinum resistance

thermometer.

In the case of solutions of polar solvents
trapped in atactic polystyrene, the samples were prepared
byAemploying the procedure similar to that described by.
Davies and Swain (3). The desired amount of solute (0.15-
0.25 g) and polystyrene pellets (nearly 2.5 g to make about
4-87 of the;former) were dissolved in 10 ml of 1,2-trans-
dichloroethylene, in a porcelain crucible, The mixture
was stirred throughly, until it dissolved completely, followed
by evapofation in a drying oven at about 80°C. The plastic
mass was then placed in a stainless steel die, removed,
trimmed to size and its average thickness was measured. The
weight of the disk was also noted, and the molar concentra-
tion of the solute in the matrix was calculated according
to the formula given by Tay and Walker (4) as:

wt., of solute used

concentration = X
mol wt. of solute

wt., of disk . < 1000
wt. of PS + Solute vol, of disk

The polysfyrene matrix disk was clamped between the two
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electrodes of the parallel plate capacitance cell and the
dielectric measurement carried out 1in the previously

described way.

The dissipation or conductivity factors and
capaéitanée were measured with the General Radio bridge.
The product of the frequency and dissipation factor gives
loss tangent value, tand. With these values obtained
experimeﬁtally and the following relations, 1t was
possible to determine dielectric loss values for the

parallel plate capacitance cell.

e = ' tand II-6
e!' = cd I1-7
0.08842A
1
en = Ech 11-8

where C 1is the capacitance of the cell with the sample in

picofarads, d is the spacing of the capacitance plates (in cm),
2

A is the effective area of the plates (in ¢cm ), G is the

conductivity of the system in picomhos.

The effective area of the electrode plates, A,

had been determined by measuring the capacitance of the cell

1

containing a standard quartz disk having a diameter of 2.0 1in
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and a thickness measuring 0.0538 in (supplied by the
Rutherford Research Products Co., New Jersey, USA) with

a dielectric constant of 3.819.

The co-axial cells were also calibrated, to
determine relevant constants, with purified cyclohexane

at room temperature,

GLASS TRANSITION APPARATUS

This apparatus which measures the linear ex-
pansion of solid or frozen liquid samples was also devised
by Mr. B.K. Morgan of this laboratory. When the sample A
is heated, it causes the inner pyrex tube to move upwards
relative to the outer pyrex tube. This movement is trans-—
mitted from the cup of the inner tube to the core of
transducer B., 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 displaces a rising trace as the
sample 1s heated towards the glass trangition temperature.
Near the glass transition temperature the trace levels off
and then begiﬂs to fall as the sample softens, There are
two interchangeable sample holders with the apparatus. The

sample holder , C( 1is for samples which are solid at room
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temperature while A is for samples which are liquid at

room temperature. The idea for this apparatus was suggested
by’Dr.rN. Koizumi of Kyoto University, Japan. The solid
sample was prepare& in the form of a strip roughly 20 mm

by 8 mm and 1 to 2 mm thick. The sample waS‘secﬁred at

one end by a small screw in a slotted rod which fits freely

in a sample holder, C.

ANALYSIS OF EXPERIMENTAL DATA

The experimental data, obtained by dielectric
measurements, were analysed‘by a series of calculator and
computer programs. The programs were written in the APL
language. The dielectric loss of the sample solution was
calculated using the Texas Instruments SR59 programmable

calculator and Radio Shack TRS-80, pocket computer.

Ae™ = g" . - et
solute solution solvent

For each measurement of temperature, the data
of dielectric loss factor as a function of frequency were
analysed by the computer according to the Fuoss-Kirkwood

equation (6) the linear form of which 1is

-l e 2.3038(logvV logV) 1
cosh _— = . ogV .. 1o8 I-9

1"
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by a procedure employed by Davies and Swain (3). By itera-
tion the computer program finds that the value of enmax

provides the best linear fit to the plot of cosh™! (e"max/
€") against logv; the slope of this straight line gives the

f-value and the Vonax is obtained from the slope and intercept.,

The Fuoss-Kirkwood equation does not consider
the real part of the complex permittivity nor does it with
the limiting values at low and high frequencies, €, and o

respectively, except that the total dispersion is given by

the equation:

ZEH
Ae = € — ¢ = “f”EiE IT-10

The Cole-Cole distribution parameter, &, may be
obtained from the Fuoss-Kirkwood distribtuion parameters, £,

by the equation:

g = 1 - a II-11

‘{?COS(—”—_H(14~ OL)

The program entitled EINF was used to find the
value of €, at various temperatures., Equations I-17 and

I-18, with experimental values of &' of various frequencies
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at each temperature, were fed into the computer; €  came

out as an output with an estimate of error involved.

The results from the foregoing analysis were
used for the calculation of the effective dipole moments
involved in the relaxation process from both the Debye (5)

equation (ITI=12) and the Onsager (6) equation (II-13):

27000 kT (80 — € )

w2 - 5 & IT-12
4uNC(e' + 2)

Uz ) 9000 kT (260 + €a>(€o - Ea)

4TNCe (e + 2) II-13

o o
2€"
where: € — € = max
o o
B
€' is the value of €' at v , that is
max

(Ea + so)/Z

e 18 the static dielectric constant derived

from €q and equation II-10.

N is the Avogadro Number, 6.023x1023 molecules/mol



43

C is the concentration in mol/litre

k is the Boltzman constant, 1.38x10—]'6

erg K_l, and
T is the temperaure in K,

These equations yielded uin units of e.s.u. = cm,

but commonly this parameter 1is expressed in Debye units, where:

1x10_18 e.S.u, = cm,

'—l
o
Il

The energy barrier which must be surmounted in
the motion of tﬁe dipole was evaluated in terms of the
Eyring enthalpy of activation, AHE by using the Eyring rate
expression equation (II-14), a procedure commonly used

in dielectric work (3,7):

A" -AS
T = L exp (——EJ exp ( )
kT RT R

which can be rearranged to the linear form as:

AH AS
E E h
= rr—— — —— — —
1In(TT) =T ( R ) + 1n(k) II-14
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The. plot of 1og(TT) against 1/T yielded good
straight lines, and from the slope and intercept of these

lines the value of the enthalpy of activation, AH and

E?
the entropy of activation, ASE, respectively were evaluated
with the help of a computer program. The computer program
also calculates reélaxation times 'T' and free energies of
activation, AGE, at different temperatures by employing

the equations II-15 and II-16, respectively.

h AG/RT
= e

RT ITI-15

T =

AGE = AHE - TASE II-16
Standard statistical techniques (8) provide a

means of estimating errors in fitting a straight line to

a set of graph points. The Fuoss computer program

calculated errors in 1og\)max and B8 for the 90%, 95%, 98%,

and 997 confidence intervals. The 957 confidence interval

was chosen as a good representation of experimental error,

typical values for log,, (v __ ) being £0.05 to 0.10.

a

The same technique was adopted to calculate the

95% confidence intervals for both AH_ and ASE. In the present

E

work, the maximum error in AHE is hardly greater than £107%

or *3 kJ mol_l whichever be the greater.
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CHAPTER IIIL

AND B-RELAXATIONS OF SOME RIGID POLAR
MOLECULES IN cis-DECALIN
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"INTRODUCTION

The rotation of simple dipolar organic molecules
as pure liquids or in non-polar solvents at room temperature
gives rise to dielectric dispersion at microwave frequencies
(1). Dipole reorientation may be slowed down to such an
extent that the absorption occurs in the kHz region by
the employment of a glassy forming solvent (2). At
temperatures just above the glass transition, the relaxa-
tion involves a highly co-operative process characﬁérized
by a large apparent activation enthalpy, AHEc A relaxa-
tion process often persists on qooling into the glassy
state (3)., These secondary relaxations, which have a much
smaller AHE, are observed for rigid molecules which cannot
undergo reorientation by an intramolecular process. They

may also be observed for flexible molecules;

oo and B-processes have been observed for various

systems which form glasses and these include:

(a) pure o-terphenyl (2,4)
(b) cis-decalin (2,4)
(c) solutes in cis-decalin (2,6,7,9)

(d) various other supercooled liquids (2,4,5)
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(e) mixtures of polar liquids (2,4,8)

(f) amorphous polymers (7).

A variety of studies has been made on the glassy
forming substances, cis-decalin and o-terphenyl. In both
cases solutes have been added (usually at high concentra-
tion) and & and B processes have been detected above and
below the Tg in both cases. The precise nature of the B-
process in these sysfems has never been identified. The
analogy which is made to the behaviour of solid polymers
is appealing - especially with respect to the ca-process.
However, for the B-process the relaxation may be somewhat
vague = gspecially since the precise nature of the B-

process in most polymers has never been established.

Various interpretations of the f-process in
glasses of rigid molecules have been made, and most of
these have been considered by Johari and Goldstein (4),

Johari (10) and Williams (2).

The present work examines twelve rigidlnearly
spherical dipolar solutes in cis-decalin. It was considered
worthwhile to attempt to relate the results obtained in
the solvent media, cis-decalin, o-terphenyl and Santovac,

with those in polystyrene where it had been well established
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that for a rigid molecule at low ccncentration the relaxa-
tion process is a molecular one (11,12,13). This was first
established by Davies and Edward (11). A suitable para-
meter to carry out this coﬁparison of the low temperature

(B-) process in all four media - is the enthalpy of activation.

EXPERIMENTAL RESULTS

The dielectric measurements of seventeen di-
polar rigid molecules have been made in cis—decalin as
well as cis-decalin in the pure supercooled state in the
frequency range 10 Hz to ]_O5 Hz by 1621 General Radio Pre-
cision bridge and 1615A General Radio bridge. Some of
these molecules studied in polystyrene matrices by several
workers in this laboratory are also recorded in this
chapter for comparison with the results obtained in the

cis=-decalin medium,.

Figures III.1, 7, 10, 12 and 19 show the
plots of log Tt versus 1/T. Figures IIL.2, 16, 20 and 21
show the Cole-Cole plot. Samplé plots of dielectric
loss (=¢" -g" ) versus T(K) are shown in Figures
obs solv.,
I11.3, 4, 5, 6, 8, 11, 13, 14, 15, and 16, Figures III.9

and 18 show the sample plots of €" versus logv in cis-

decalin.
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DISCUSSION

A, B-Relaxation

The low temperature absorptions which appeared
in the twelve rigid molecules (Table III.1) are termed as
B—rélaxation. The Fuoss—-Kirkwood analysis parameters
for twelve rigid dipolar molecules have been given in Table

ITI-3.

Methyliodide

Methyliodide shows a B8-relaxation in the
temperature range 80-95 K. The Eyring plot of log TT

versus 1/T is shown in Figures III.1 which gives AHE and

AS, values of 7.6 *1.3 kJ mol ' and -49.7 %15 J K ' mol ™",
respectively., The Cole-Cole plot is symmetric and

broad indicating a wide spectrum of rela#ation times

(Fiéure III-2)., The low relaxation time, 1.8x10”6 s at 100 K,

and the corresponding low activation enthalpy suggests

molecular rotation,

1,1,1-Trichloroethane

The R-relaxation in this molecule has been
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studied in the temperature range 79-97 K. The plot of

€'" versus T is given in Figure III.3. The AHE and ASE
values for this molecule are 8.7 *1.7 kJ mol_1 and -28
+20.4 J K—1 mol_l, respectively. Since the molecule is
nearly spherical, the volume swept out by the molecule will
be small and hence and so will the energy barrier. \The
intramolecular process about the C~C bond is dielectrically
inactive, because there 1is no perpendicular dipdle moment
component and the only dipole moment is along the perpendi-

cular axis. Clearly, the B-relaxation for 1,l,l1~tri-

chloroethane is a molecular process.,

2,2,-Dichloropropane

The plot of €" versus T is given in Figure
IIT.4, The enthalpy of activation and the entropy of
activation for 2,2-dichloropropane are 9.3 #1.2 kJ mol—

and -17.9 +14.5 J K—l mol—l, respectively. The relaxation

time and the free energy of activation at 100 K are 3.OxlO_7 s
and 11.1 kJ mol_l, respectively, which are comparable with the
similar sized molecule 1,1,1-trichloroethane, 5.2x10—7 s

and 11.6 kJ mol-l, respectively,

An n.m.r. study of this molecule in the solid

state indicates Ea= 12.5 kJ mol—1 for molecular tumbling. Thus,
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AHE =9,3 kJ mol‘,_1 obtained by the dielectric method compares
reasonably within experimental error with that obtained

by the n.m.r. method (l14). Hence, the B-relaxation in 2,2-

dichloropropane is due to molecular rotation.

2-Methyl-2-chloropropane and 2-methyl-2-bromopropane

A dielectric B-relaxation process seems to be
present in t-butylchloride near the liquid nitrogen tempera-
ture (Figure III.5). At 82 K the free energy of activation

was found to be 10.2 kJ mol_l.

For t-butylbromide, which is slightly greater
sized than t-butylchloride, the absorption process shifts
to a higher temperature region (Figure III1.6), The Eyring
rate plot logTTt versus 1/T is given in Figure III.7,

which gives AH_ and ASE values, 10.6 1.2 kJ mcl_1 and

-7.5 £14.5 J K_l mol_l, respectively, which is comparable

E

with the AHE and ASE values of the similar-sized molecule,
2,2-dichloropropane, 9.3 1.2 kJ mol—l and -17.9 14,5
J K-1 mol—l, respectively. Thus, it 1is reasonable to
assign this lower temperature absorption of t-butylbromide

to a molecular process. t—Butylchloride is more spherical

than t-butylbromide and .so the rotation of the molecule
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should be less hindered. Moreover, the measured AGE value
of t-butylchloride is at a lower temperature (82 K). Since
the lower temperature absorption of t-butylbromide may be
attributed to a mdlecular relaxation, it seems reasonable

to. assign the lower temperature relaxation of t-butylchloride

to a molecular one,

Methyltrichlorosilane

One temperature region of absorption has been
found in this molecule and studied from 105~128 K. The
e" versus T plot is broad and asymmetric (Figure ITII.S8).
The AHE and ASE values are 23,4 *1.5 kJ mol-_1 and 46,6
J K—l mol—l,respectively. The AHE value and relaxation
time at 100 K are three times and 104 times greater than
that of the slightly lower sized molecule, 1,1,1-tri~-
chloroethane (Table III.l). The broad asymmetric absorption
curves and the AHE and»ASE values for methyl trichlorosilane

suggest that there is appreciable overlapping between a-

and B-processes.
Bromoform

The low temperature absorption for bromoform in

cis-decalin has been studied from 87-100 K. The symmetric
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and broad ¢" versus logf curves are given in Figure III.9.
Kashem (18) studied bromoform in polystyrene matrix, o-

terphenyl and polyphenyl ether. The Eyring plots in

1y

various media gre shown in Figure III.10. The AHE (kJ mol
values in cis-decalin, polystyrene matrix, o-terphenyl
and polyphenyl ether are respectively, 12.2 *0.9, 7.9 0.7,
10.4 £0.8 and 8.8 £0.5. It is clear that the AH_ value

of bromoform in four glassy media is similar within the

limits of experimental error. The fB-values for bromoform

are in the range 0.17-0.,34, which is similar to what has
been found by Davies and Swain (10) for the molecular
rotation in a polystyrene matrix. Therefore, 1t 1is
quite reasonable that the low temperature absorption .of

bromoform in cis—-decalin is a molecular rotation.

o-Dichlorobenzene, o~xylene, o-bromochlorobenzene and bromotoluene

O-Dichlorobenzene has been studied in the
temperature range 100 - 124 K in cis~decalin. o-Dichloro-
benzene has also been studied in polystyrene (10), o-
terphenyl and Santovac (18). 1In all four glassy media
the €" versus T curves are symmetric and broad and appear
almost in the similar temperature range (Fig. III-11).

The plot of logTT versus 1/T is shown in Figure III-12,

The AHE and ASE values for o-dichlorobenzene in cis-decalin,
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polystyrene, o-terphenyl and polyphenyl ether are 12.9
+0.8 and -31.7, 11.2 +0.6 and 21.4 +6-9, 13.4 +0.7 kJ mol '

1 -1

and -17.4 *7.8 J K = mol respectively. The very similar

AHE and ASE values for o-dichlorobenzene in different
glassy media indicates that the same mechanism is operative.
in all the glassy solvent. In polystyfene matrix it

has been established that the [B-process is due to molecular

rotation. Therefore,it is obvious that the B-relaxation

in cis-decalin for o-dichlorobenzene 1is a molecular one,

o-Xylene has been studied in cis-decalin
in the temperature range 101-119 K. The €" versus T
plot (Fig. 22) is symmetric .and broad. The enthalpy

and entropy of activation for o-xylene are 14.3 kJ mol—1

and -40.3 J K_1 mol_l respectively, Generally, the size
of the methyl group is reckoned as the size of a chlorine
atom., Therefore, the size of o-xylene is similar to o-
dichlorobenzene. The enthalpy and entropy of activation
for o-xylene are in excellent agreement with the enthaply
and entropy of activation of o-dichlorobenzene (AH_., = 12.9

E
1 —l)

kJ mol“1 and ASE = -31.7 J K © mol in cis—-decalin. So

the dielectric absorption in o-xXylene is due to molecular

rotation.

o~Bromochlorobenzene has been studied 1in
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the temperéture_range 128-152 K in cis-decalin. The plot
of €" versus T is broad and asymmetric (Fig. III.13). The
AHE and ASE values are 18.9 #0.7 kJ mol_l and 4.9 *4.9

J K—l mol 1, respectively. The AHE and ASE values 1in
polystyrene matrix are 16.0 kJ mol_; and 8 J K—1 mol_l,
respectively. But the relaxation time atV150 K in cis-
decalin is 102 times greater than that of polystyrene.
This, together with the broad and asymmetric nature of the

loss curve, suggest that the B-relaxation overlapped with

the d-process.

o-Bromotoluene, which is similar in size
to o-bromochlorobenzene, absorbs in the similar temperature
range (130-150 K). The €" versus T plot is also broad
and asymmetric (Fig. III-4). From Table III-1 it is seen
that the AGE and T (s) at 100 K are 18.5 kJ mol_l and
2.2x10_3 which are considerably greater than that of o-
bromochlorobenzene in polystyrene which has been inter-
preted as molecular rotation. This consideration led

to the conclusion of overlapping of B-relaxation with «a-

relaxation.
Pyridine

The low temperature absorption of pyridine
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absorbs in the temperature range 103-119 K in cis-

decalin, Thé AHE and ASE values are 14.2 #2.9 kJ rnol_1

and =-14.2 J k! mol_l, respectively. Kashem (18)

studied pyridine in o-terphenyl and the AHE and ASE
values are 8.4 1.1 kJ mol—l and -43.9 +7.5
-1 -1

J K mol respectively. The large variation in AHE

value from cis—decalin to o-terphenyl is not properly

understood.

4-Methylpyridine

The low temperature absorption for 4-methyl-
pyridine appears in the temperature region 103-119 K 1in
cis-decalin. The €" versus T plot is given in Fig., III-15
The Cole-Cole plots at various temperatures are shown in
Fig. III-16. On comparison of AHE (kJ mol-l) values (Table
I11I-1), we find that they are for 4-methylpyridine, (i) in
a polystyrene matrix, 14 (ii) in o-terphenyl, 16.0 %0,9,
(iii) in polyphenyl ether 17.2 #0.7 and in (iv) cis-
decalin 15.8 z1.5. In polystyrene matrix, the B-process
of 4-methyl pyridine has béen explained'by the molecular
rotation. Hence the f-relaxation for 4-methylpyridine

in cis—decalin 1is a molecular one.

From the above discussion we see that except

a
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in the case of methyltrichlorsilane, o-bromochlorobenzene
and o-bromotoluene, in all other rigid dipolar molecules,
the B-~relaxation has begn completely separated from the
a-relaxation. In the latter three rigid dipolar molecules,

probably a- and B-relaxations overlapped.

The B-relaxation has been found to possess

the following characteristics:

(i) takes place below Tg

(ii) ©broad and asymmetric loss curves
(iii) linear Eyring plot

(iv) 1low activation enthalpy

(v) relaxation time decreases with the
increase of temperature

Th ree compounds, o-~dichlorobenzene, 4-methyl-
pyridine and bromoform have been studied in four solvents
Table III-1). For both of these solutes, for similar
concentrations, the activation enthalpy and the intensity
of absorptions are similar for each solute in various

solvents (Fig. III-11).

In general, the AHE values for each solute
in a particular solvent show an increase with increased

molecular size, and the similarity in behaviour of mono-
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halobenzenes in polystyrene, o-terphenyl and Santovac
appears significant. All of the solutes are incapable

of exhibiting dielectrically active intramolécular motion.
Tﬁe fact that AHE 1is essentially independent of the solvent
implies that there is 1itt1¢ influence upon the rotation

of the dipolar solute. TFor the solute in polystyrene
matrix at these low concentrations, the B-relaxation is
well established as molecular rotation (ll1) where the
solute molecules are monomolecularly dispersed in the
polystyrene cavities (l1). The virtual identity of the

AHE values for o-dichlorobenzene in cis-decalin, o-terphenyl
and Santovac and their correspondence with the polystyrene
matrices indicate the molecular nature of the BFrelaxation.
This is supported by similar studies on 4-methylpyridine

and bromoform in all four solvents (Table III-1),

It is striking that for each of the polar
solute molecules in the somewhat diverse glassy materials,

a simliar AH_ value results and that the AHE value 1in-

E

creases with size appropriately.

It is tempting to extend the concept of
the single solute (at low concentration) in the polystyrene
cavity to that of the other solvents, the model being

that there is a solute molecule (in what is effectively a



cavity) where molecular relaxation takes place between
equilibrium positions. On the time scale of relaxation
processes the solvent cavity does not need to alter

appreciably to permit a solute molecule to rotate,

It must be stressed, however, that our

findings are for simple rigid molecules in four glassy
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forming solids., Our concentrations are low compared with

most of those employed by the previous investigations on
o—- and B-processes such as mixtures of polar compounds
(4,8). Furthermore, the work on pure supercooled

liquids may present a somewhat different case.

A more all-embracing model which leads to a
B-relaxation in these various systems is one by Johari
(10) where he postulates that a potential exists within
the region of the solute molecule which resists the
local rearrangement and leads to relative fixedness
of the molecules in that region. Hence, B~relaxation
processes take place over this energy barrier. Our
systems, which seem to lead to a "solvent-cavity" model,
for somewhat limited types of systems, would seem in

harmony with the more general model conceived by Johari.
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B. a=Relaxation

.The main relaxations appeared near or above their
respective Tg for the compounds listed in Table III-2 are
termed a-relaxation. cis-Decalin is a weakly polar liquid
and exhibits a-relaxation just above its glass transition
temperature (T = 136 K) (19)., But trans-decalin is
non~-polar by virtue of its symmetry and does not yield a

d-process detectable by dielectric absorption studies.
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The addition of chlorobenzene to trans—decalin reveals an
ca~process where the polar solute acts as a probe to reveal
the’co-operative motion of the dispersion medium. This
was also observed for chlorobenzene in the non-polar
cyclohexane.

The a-relaxation for the rigid dipolar
molecules are found to possess the following characteristics:
(1) absorption at high temperature (Table III-2)

(2) broad asymmetric loss curves (Figs. 17 and 18)

(3) Iarge apparent enthalpy of activation (Table III-2)
(4) a curved Eyring plot (Fig. III-19)

(5) absorption at and above Tg

(6) Cole-Cole plot is asymmetric (Fig. III-20 and III-21).

The o-process 1s due to\co—operative motion
of solvent and solute molecules (15). Co-operative re-
laxation is usually described by a Cole-Davidson skewed
arc function. Higasi et al (17) made dielectric studies
0f a number of molecules in supercooled o-terphenyl
over the temperatﬁre range 283-303 K. Their dielectric
data were represented by the asymmetric Davidson-Cole

function,

Johari and Goldstein (4) studied the di-

electric microbrownian relaxation with the activation
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enthalpy in the range 230-293 kJ mol_1 in a large number
of éupercooled systems involving molecules smaller in
size. An.apparent activation enthalpy about 200 kJ mol_1
was found for some small molecules in the supercooled
o-terphenyl (7). The activation energy of around 300

kJ mol-1 was observed for the co-operative process of
di-n-butyl pthalate in polystyrene (15), which is close
to that commonly found for the glass transition process

in amorphous polymers and for polystyrenme in particular (16).

Johari and Smyth (6) studied some rigid
molecules in cis-decalin in the supercooled state., They
obtained an asymmetric Cole-Cole plot with activation enthalpy

from 80-290 kJ mol L.

Our results for the a-relaxation shows that
the Cole-Cole plot, loss curves are asymmetric and Eyring rate
plot is non-linear. These considerations suggest that
these a-relaxations which take place above the glass
transition temperature are co-operative motions of solute

and solvent molecules.

Recently, Mansingh et al (20) showed that the
a-relaxation in cis-decalin takes place in the amorphous
state above Tg and the B-relaxation takes place in the glassy

state below Tg.
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TABLE III-1:

EYRING ANALYSIS RESULTS FOR B-PROCESS OF RIGID POLAR MOLECULES IN CIS-DECALIN

MOLECULE

methyl iodide1
1,1,1-trichloroethane
2,2~dichloropropane
2~bromo-2-methylpropane
2-chloro-2-methylpropane
methyl trichlorosilane
cyclohexanocne
bromoform

bromoform2

bromoform2

Bromoform2
o-dichlorobenzene
o—dichlorobenzene3
o~dichlorobenzene2
o—dichlorobenzene2
o-bromochlorobenzene
o-bromochlorobenzene
o-bromotoluene

pyridine

4-methylpyridine

MEDIUM

cis-decalin
cis-decalin
cis-decalin
cis-decalin
cis-decalin
cis~decalin
cis-decalin
cis—decalin
P.S.
G.0.T.P.
Santovac
cis—decalin
P.S.
G.0.T.P.
Santovac
cis—decalin
P.S.
cis~decallin
cis-decalin

cis-decalin

-4

(K)

80-95
79-97
80-86
81-87
82
105-128
107-128
87-100
99-135
107-144
100-139
100-124
80-103
80-114
80-114
128-152
88-120
130-150
103-119
82-106

Kelaxarion Times AGE (kJ mol-l)
“(s)

100 K 150 100 K 150 K
1.8x107° 1.0x10 12.6 15.8
5.2x107" 1.1x107 11.6 12.8
3,050 4.8x107° 11.1 12.0
3.9x10 3.8x107° 11.3 12.2

, 10.4
3.2x107° 1.8x1077 18.8 16.5

1.2x107° 2.1x1077 18.0 16.7
1.1x107 5.6x10 " 16.0 17.9
1.6x107 4.5x10° 16.3 20,5
1.7x107° 1.7x107° 18.2 22.2
2.1x107% 4.0x107° 16.5 20.4
1.2x107* 4.4x1078 16.0 17.6
4.3x10°° 3.3x10f8 13.3 14.4
2.4x107° 1.7x10"" 14.7 16.4
3.8x10 > 1.2x1077 15.1 16.0
6.0:10 > 2.0x10" 7 19.3 19.5
3.6x107° 4.1x10°8 15.1 14.7
2.2x10 > 1.6x10™° 18.5 19.3
1.2x107° 1.6x107" 15.7 16.4
7.1x10 > 8.3x107° 15.6 15.5

BH b5

kxJ mol k! mo1”t
7.6%1.3 -49,7%15.1
8.7+1.7 -28.3%20.4
9.3+1.2 -17.9414.5
10.6+1,2  ~7.5%14.5
23.4%1.5  46.6%10.2
20.5¢4,7  25.5%4.3
12.24¢0.9  -38.5£10.,6
7.9%0.7 -84.346.2
10.4+0.8  -78.4%6,2
8.8+0.5 ~77.1%4.6
12.940.8  -31.75.6
11.2¢0.6  -21.4%6.9
11.40.6  =33.8%6.4
13.4+0.7  -17.4%7.8
18.930.6  —-4.93%4.9
16.0 8.0
17.042.3  -15.5¢18.2
14.242.9  -14.2#13.0
15.8+1.5  1.9+16.8
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TABLE III-1 continued...

MOLECULE

4—methy1pyridine4.

4—methy1pryidine2
L. 2

4-methylpyridine

o-xylene

1 - reproduced courtesy
2 - reproduced courtesy

3 -Davies and Swain, J.

4 - reproduced courtesy

MEDIUM AT Relaxation Times A£G (kJ mol'l)
(K) 1(s)
100 K 150 X 100 K 150 K
-5 -7
P.S. 88-124 8.5x10 2.1x10 15.8 16.7
.0.T.P. 105-154 5.8x10 > 6.3x10 0 19.3 20.9
Santovac 110-152 1,0x107% 2.0x10"° 18.8 19.8
cis-decalin 101-119 1.8x10 3 3.8x107° 18.3 20.3

of Dr. M.A., Saleh, Post-doctoral Research Fellow, 1981-82, Lakehead University
of M.A. Kashem, M.Sc. Thesis, 1982, Lakehead University.
Chem. Soc. Faraday, Trans. (I1), 67, 1637(1971)

of M.A. Mazid, M.Sc. Thesis, 1978, Lakehead University.

AHE ASE
kJ mol ' 3 k! mo1t
14.0 -19.0
16.0+1.0 -33.0%7.5
17.240.8 ~26.0£6.0
14.321.4 -40.3£12.3

L9



TABLE III-2:

EYRING ANALYSIS RESULTS OF w—-PROCESSES OF RIGID POLAR MOLECULES IN CIS-DECALIN

MOLECULE

cis-decalin

methyliodide 1

2-chloro-2-methylpropane 1

l,l,l—trichloroethane1
2,2-dichloropropane
trichloroethylene1
t-butylisothiocyanate
t—butylcyanide1
nitrobenzene

2-methyl-2-nitropropane

140-147
138-143
1§0—145
140~147
140-146
137-144
145-154
143-150
141-148

147-150

Relaxation
“(s)

150 K

Tinmes

1.2x10

6

1.0x10°8

9.0x1078

2.7x10°
3.9x10
1.2x10°
4.9x10°
2.5x10
3.8x10°

4.4x10

7

8

8

5

6

7

5

(kJ

150 K

18.8

13.1
23.5

19.8

23.3

AHE '.ASE

xJ mol J K_l mol-l
118.6%8.5 66559
137.6£25.5 832%178
141.8+425.3 8404176
138.9i3£.7 8124228
166.4£40.1 730455
138,54330.3" 836+208
105.6:i0.7 546i66
148.7429.0 8591200
145.9247.1 8564325
156,3+110.8 8651740
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TABLE III-3:
Molecules in cis-decalin
T (K) 1087 (s) log v 8
max
0.84 M Methyliodide
83.5 12.6 4.10 0.19
87.8 7.95 4,30 0.20
91.2 4,40 4,55 0.21
94,2 3.46 4,66 0.23
101.0 2.35 4,83 0.25
0.84 M Methyliodide
136.1 700.0 2.35 0.22
137.9 176 .0 2.96 0.26
138.7 73.5 3.34 0.29
139.4 35.4 3.65 0.32
140.3 16.5 3.98 0.37
141.2 9.5 4,23 0.43
141.8 6.9 4,36 0.45
142.7 4,7 4.53 - 0.53
0.75M 2-bromo-2-methylpropane
87.6 3.13 4,70 0.21
86.0 3.54 4,65 0.20
85.5 3.84 4.61 0.20
84.8 4.52 4.54 0.19
84.3 5.17 4.48 0.20
82.8 6,88 4.36 0.19
81,2 8.72 4,26 0.19
0.75 M 2-bromo-Z2-methylpropane
138.0 440 .0 2.55 0.13
138.5 301 .0 2.72 0.13
139.5 143 .0 3.04 0.14
140.5 66.5 3.37 0.15
141.5 23.8 3.82 0.17
142.5 12.6 4,10 0.19
143.,6 5.7 4,44 0.22
144.6 3.5 4.66 0.27

10

3w

€
max

11.22
11.87
12.46
12.75
12.94

36.31
31.13
35.88
35.32
35.12
34.68
34,56
33.72

71.47
70.94
70.48
69.79
69.43
68.30
67.21

32.27
33.16
34.77
35.79
36.68
36.94
36.97
36.85

-]

2.498
2.435
2.435
2,424
2.454

2,611
2.620
2.628
2,642
2,652
2.667
2.670
2.689

2,218
2.200
2.190
2.196
2.197
2.182
2.160

3.058
3.062
3.063
3.007
3.086
3.108
3,126
3.158
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Fuoss—-Kirkwood Analysis Parameters for some Rigid Polar

W (D)

0.56
0.52
0.53
0.55
0.54

1.06
0.99
0.94
0.89
0.82
0.76
0.75
0.68

1.37
1.38
1.38
1.37
1.36
1.36
1.36

1.25
1.25
1.26
1.25
1.2¢4
1.11
1.04
0.94



TABLE ITI-3: continued,..
T (K) 1057 (s) logy
max
0.74 M 2,2-dichloropropane
80.6 5.60 4,45
81.5 4,62 4.53
81.9 4.39 4,55
83.0 8.59 4,64
89.1 3.13 4,71
85.3 2.28 4.83
0.74 M 2,2-dichloropropane
139.9 1512.0 2.02
140.6 417 .0 2.58
141.5 78.2 3.31
142.,0 46.2 3.54
142,5 26.2 3.78
143.,7 10.1 4,20
144,2 7.9 4,30
144.9 5.2 4,48
145.6 4.7 4.53

0.78 M 2-chloro-2-methylpropane

140.8 189.0 2.92
141.4 . 98 .0 3.20
142.5 30.8 3.712
143.6 12.6 4,10
144,1 9.3 4.23
145.0 5.9 4,42
0.76 M 1,1,1,-trichloroethane
79.8 8.63 4.26
80.3 8.21 4.28
81.1 7.51 4.32
82.0 6.80 4,36
82.9 5.79 4.43
83.6 5.30 4 .47
84.8 3.73 4.63
86.2 3.09 4,71

0.19
0.19
0.19
0,20
0.21
0.21

0.12
0.13
0.17
0.17
0.21
0.26
0.29
0.34
0.37

0.14
0.16
0.18
0.23
0.25
0.29

0.18
0.19
0.18
0.19
0.19
0.19
0.20
0.20

10

3.

max

88.40
89.13
89.21
90.75
91.70
92,29

31.01
33.33
30.68
30.60
30.75
30.65
30.54
30.11
29.80

24.38
24.62
24,89
25.04
25.07
24.70

57.80
58.58
58.70
59.25
59.56
59.72
60.51
60.41

oo

1.536
1.535
1.514
1.534
1.516
1.527

3.230
3.972
3.224
3.213
3.241
3.260
3.274
3.289
3.296

3.060
3.060
3.075
3.091
3.098
3.112

2.361
2.370
2.380
2.399
2.382
2,394
2.397
2.391
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u (D)

1.45
1.45
1.43
1.46
1.44
1.45

1.03
1.00
0.93
0.85
0.82
0.75

1.27
1.25
1.27
1.26
1.29
1.27
1.27
1.27



TABLE III-3: continued....
T (K) 107 (s) logv
ma

0.76 M 1,1,1-trichloroethane
140.3 921.00 2.23
141.2 577.00 2.44
141.9 137.00 3.06
142.9 42,61 3.57
143.9 17.90 3.95
144.7 9.90 4,20
145.3 8.96 4,27
146.5 4,87 4,51
147.3 4,41 4,55
0.76 M methyltrichlorosilane
103.8 1014.0 2.19
106.1 597.0 2.42
107.3 363.0 2.64
110.1 180.8 2.94
113.0 _84.9 3.55
118.6 24.3 3,81
122.1 12.0 4,11
127.1 4.1 4,58
0.56 M t—-butylcyanide

143.7 475.54 2.52
144.8 167.50 2.97
145.6 48,18 3.27
146.5 42.99 3.56
147.5 22.19 3.85
148.4 13.02 4,08
149.4 10.18 4,19
0.65 M trichloroethylene
137.2 812.34 2.29
137.6 339.31 2.67
138.3 140.09 3.05
139.2 46.37 3.53
140.7 12.37 4.10
141.5 7.45 4.32
142.7 4,23 4,57
143.6 3.24 4,69

X

0.15
0.13
0.14
0.17
0.22
0,27
0.31
0.36
0.44

0.16
0.16
0.17
0.18
0.19
0.20
0.22
0.25

-0.25

0.27
0.28
0.29
0.35
0.39

L 0.42

0.18
0.20
0.22
0.26
0.34
0.40
0.46
0.51

max

15.98
15.51
15.33
15.24
15.18
15.09
15.04
14.81
14,07

76.62
77.89
78.92
80.75
84.60
86.62
89.06
92.47

3.62
3.60
3.58
3.52
3.50
3.37
3.18

27.55
27.32
27.50
27.80
28.39
28.79
29.20
28.93

-]

2.905
2.891
2.891
2.899
2.909
2.917
2.933
2.926
2.936

2.358
2.350
2.356
2.356
2.353
2.373
2.387
2.122
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u (D)

0.86
0.92
0.87
0.79
0.71
0.64
0.60
0.56
0.49

1.66

1.66
1.66
1.57



TABLE III-3: continued...
T (K) 10%+1 (s) log v
max
0.45 M- Pyridine
103.1 50.52 3.50
104.8 41.17 3.58
107.0. 23.98 3.82
109.9 13.81 4.06
118.1 4,35 4.56
0.85 M o-bromotoluene
118.2 91.35 3.24
121.9 44 .76 3.55
126.5 23.35 3.83
129.0 15.27 4,02
132.6 10.77 4.17
141.2 4.09 4.59
0.65 M 2-methyl-2-nitropropane
147.0 642.39 2.39
147.7 440.03 2.55
148.6 82.37 3.28
149.4 52.84 3.47
150.3 52.84 3.47
0.51 M o-=-dichlorobenzene
103.6 63.32 3.40
107 .4 44 .35 3.55
110.4 25.50 3.79
111.2 22,18 3.86
115.0 12.59 4,10
119.9 75.40 4.33
0.45 M bromoform
87.0 1203.02 2,12
88.7 726.05 2.34
90.5 54.77 2.46
92,2 39.46 2.60
94.3 27.99 2.75
96.6 19.30 2.91
39.3 12,35 3.11

0.23
0.22
0.25
0.28
0.36

0.32
0.31
0.29
0.28
0.25
0.23

0.24
0.22
0.30
0.36
0.36

0.29
0.27
0.27

0.27
0.29

0.29

0.17
0.18
0.19
0.21
0.22
0.22

0.21

12.76
13.17
13.64
14.29
15.64

5.19
5.65
6.17
6.43
6.78
7.21

5.15
4,91
3.88
2.92
2.92

13.53
14,54
15.49
15.87
17.15
18.75

. .
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.
wwwwwww

72

u (D)



TABLE III:3 continued...

T (K) 108+ (s) logv
ma

0.35 M o—-xylene

101.4 1300.94 2.09
103.0 1300.94 2.18
106.2 578.49 2.44
109.0 367.86 2.60
111.0 289.79 2.74
114.2 179.68 2.95
118.6 90.65 3.24

pure cis-decalin

140.8 726,62 2,34
141.2 462.81 2.53
142.5 173.03 2.96
143.5 91.11 3.24
144.7 38.65 3.62
145.4 23.51 3.83

146.4 14.57 4.04

X

0.28
0.28
0.28
0.30
0.31
0.32
0.33

0.20
0.29
0.30
0.31
0.34
0.36
0.40

0.30
0.30
0.30
0.30
0.30
0.30
0.30

1.07
1.09
1.15
1.18
1.22
1.23
1.23
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FIGURE T11-1: Eyring rate plot of logTt versus 1/% (K—l) for methyliodide in cis-decalin
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CHAPTER 1V

DIELECTRIC RELAXATION OF SOME ANISOLES

IN cis-DECALIN
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CHAPTER 1V

INTRODUCTION

Dielectric absorption techniques have previously
been used for the study of molecular and/or intramolecular
motions of numerous molecules containing rotatable polar
groups, particularly in dilute solﬁtions.of non-polar
solvents. Such studies have normally been complicated
by the overlap of the molecular and the intramolecular
processes, requiring a Bud$ analysis which in a number
of cases 1is known to be unsatisfactory (1) for the
evaluation of relaxation data. However, by dispersing
the polar molecules in a polymer matrix such as in poly-
styrene, Davies et al (2,3) and Walker et al (4-14) have
found that the intramolecular absorption process can
be separated completely from the molecular relaxation in
a few instances owing to different influences of the
high viscosity of the medium on the molecular and intra-

molecular relaxation times.

Molecules having a methoxy group attached to
an aromatic ring have been widely studied by dielectric
techniques (15-17). In the main, they have been examined

either as a pure liquid or as a solute in a dilute solution
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of a non-polar solvent, and the absorption observed in

the microwave region. Normally the molecular and group
absorptions have overlapped, while relaxation time obtained
for the group rotation (deduced from a Budo analysis (1))
.indicates that the methoxy group has a high degree of
mobility. Recently, from their dielectric studies in a
polystyrene matrix, Walker et al (8) concluded that

"in the absence of appreciable steric, or mutual conjuga-
tive effects the barrier to methoxy group relaxation,
attached to a conjugated system, is low and of the crder

of 10 kJ mol L, m

Kashem (18) studied the dielectric absorptions
of anisoles, p-methylanisole, 3,5-dimethylanisole, p-
dimethoxyanisole and p-chloro—-, bromo- and iodoanisole
in a variety of viscous solvents such as polystyrene, o-
terphenyl and polyphenyl ether. He concluded that the
energy barrier to methoxy group rotation is insensitive
to para-substitution and viscosity of the medium. The
barrier to rotation about the C-0 bond is low and virtually

remains the same (i.e. of the order of 8 kJ molfl).

It/therefore,seemed desirable to make a dielectric

absorption study of molecules containing a rotatable methoxy



99

groups in a variety of anisoles in cis-decalin to compare
Eyring»and relaxation parameters with that of these
molecules in polystyrene, glassy o-terphenyl and poly-

phenyl ether.

An additional aspect of this study is that
the solvents are glassy media and have a glass transition
temperature Tg which may be leowered somewhat by the
dispersion of a solute 1in the mediumf The Tg values for
the pure glasses employed in this work and in the
previous investigation (18), polystyrene (19),
Santovac® (20), o-te;phenyl (20) and cis—-decalin (24),

are 370 K, 270 K, 243 K and 136 XK, respectively.

Just above T the solvents exhibit a process
which is generally agreed to involve large scale rearrange-
ments in a viscous medium and is regarded as co-operative
in nature (20,22,23). When a polar solute is inserted
into the glassy medium, it acts as a probe on the motions

of the weakly polar solvent (20,22,23).

For a wide variety of systems at a significantly
lower temperature than the Tg of the mixture another
process if found, and this has been termed a f-process

and has been subject to several interpretations including
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a molecular relaxation process (22), an intramolecular
proceés (23), or a‘process which results from the
relaxation of the molecules in the interstices between
the clusters (24), or a molecular rotation in the

"solvent cavity'" for some limited types of systems (25).

There is, however, as yet no all-embracing
theory which accounts for the B-process in these various
glassy forming media., Thus, an object of the present
‘work is to explore in detail the nature of a poséible B-
process of one type of molecule where the polar molecules
are dispersed at low concentrations in the glassy
medium. The study has centred around the examination of

molecules with a flexible methoxy group.
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EXPERIMENTAL RESULTS

The dielectric measurements of para-methyl-
anisole, 3,5-dimethyl, para-chloro, para-bromo- and para-
bromoanisole in a polystyrene matrix have been made.in
the frequency range of 10 to 105 Hz by the use of

General Radio 1615-A and 1621 capacitance bridges.

"

Sample plots of loss factor, €' versus

temperature, T (K) are shown in Figures IV-2, IV-5, IV-6
IV-7 and IV-9 while Figures IV-3 and IV-10 show the plots of
loss factor, €" versus logarithm (frequency). Figures IV-1,
IV-4 and IV-8 show the sample plots of 1logTT versus 1/T
and dielectric loss versus dielectric constant, for some of

the anisoles studied here.

Table IV-1 lists the Eyring and relaxation
parameters while Table IV-2 summarizes the Fuoss-Kirkwood

parameters.
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DISCUSSION

para—-Methylanisole has been chosen as a key
molecule for this study because the methyl group moment
is directed into the ring and opposes the resultant
fixed component of the moment from the anisole paft of
the molecule on the long axis. Thus, this molecule has
virtually no component of the dipole moment along this

axis and consequently, the intramolecular process
predominates. Farmer and Walker (15), from their dielectric
studies of para-methyl anisole in para-xylene at 25°C at microwave
frequencies indicated that methoxy group rotation predominates in this
molecule. Only one absorption process was detected for para-methylanisole

in both a polystyrene matrix and cis-decalin, but two absorption processes

were found in both o-terphenyl and polyphenyl ether.
Figure IV-1 gives the logTt versus 1/T for para-methylanisole
in cis-decalin., Eyring analysis results are given in
Figure IV-1. The process in the liquid nitrogen temperature region

is common 1in all four media and yielded almost identical
values of AHp, AGE(UX)KY T100 g 2nd AS L (see Table IV-1).
These observed values of AHE>(%8 kJ mol_l) and other
parameters for this molecule are too low for the molecular
process when compared to corresponding values obtained

for para-chlorotoluene, a rigid molecule of slightly

smalier size (see Table IV-1). Mazid et al (8) obtained
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AHE values of 10 kJ mol—1 for methoxy group rotation in
substituted anisoles. Thus, the enthalpies of activation
(AHE - 8 kJ-mol_l) obtained for para-methylanisole for
the low temperature process are consistent with the values
reported by Mazid et al (8) indicating that the process

is methoxy group rotatipn and that the AHE of the process

hardly varies amongst the four media.

The higher temperature absorption process
of para-methylanisole in o-terphenyl and polyphenyl ether
has been attributed to the co-operative motion of the a-

process (18).

Figure IV-2 shows the plot of dielectric 1loss
(e") versus temperature, T (K) at 1.01 kHz frequency for
3,5—dimefhy1anisole in cis-decalin. From Figure IV-2 it is
evident that the absqrption process appears near the
liquid nitrogen temperature for the fréquency range used.
The absorption curves are symmetrical aﬁd broad (Figure IV-3)
An Eyring rate plot of the data is given in Figure IV-4 which yieldé a AHE=
12.9 1.6 kJ mol_l. Within the limits of experimental
error, Table IV-1 shows that the Evring and relaxation
parameters are almost similar to the corresponding values

obtained for methoxy group rotation in para-methylanisole.



This is another.case where the moment between 1 and &

atoms of the rings is negligible (15).

para-Chloro-, para-bromo- and para-iodocanisoles
have been studied in both cis-decalin and o—terphenyl.
Figure; IV-5, IV-6 and IV-7 show the plots of dielectric loss (e")
versus temperature, T(K) at 1.01, 2 and 0.2 kHz frequencies for para-
chloro-, para~-bromo-, para—-iodoanisole in cis-decalin,
respectively. The Cole-Cole plots at various temperatures
for para-chloroanisole, are given in Figure IV-3. Table IV-1
shows that para-chloro-, para-bromo- and para-iodoanisole
in both cis-decalin and o-terphenyl absorbed nearly in
the same temperature region and yielded identical values
of Eyring parameters within the limits of experimental
error. The temperature region .and the values of AHE,

A and T for these para—-haloanisoles are

“g(100 K)* 100 K ,

of the same order of magnitude for group rotation in para-

methylanisole.

para-Fluoroanisole was examined in polystyrene
matrices from V“80 to 200K. Figure IV-9 shows the plot of
dielectric loss (g") versus temperature, T(K), at 1.01
kHz frequency for para- fluorcanisole in a polystyrene matrix

but indicates no clear cut absorption peak in the liquid



nitrogen temperature region but a process between 136 and
165 K. Further, Table IV-1 shows that the values of

A . .
GE(ZOO K) and SE are the most similar in

magnitude to the corresponding values obtained for para-

AHE‘, A

chlorotoluene (a rigid molecule of identical size) in

the same medium (26)., Thus, this observed dielectric re-
laxation process of para-fluoroanisole in a polystyrene
matrix is most likely attribufed to rotation of the whole
molecule. The absence of an intramolecular absorption
process for this molecule in a polystyrene matrix may

be attributed to either weak absorptions of merging of
the process into the low temperature side of the tail -end

of the molecular relaxation process.

It would seem likely that methoxy group rotati
is the predominant contributor to the dielectric relaxati
of the above mentioned anisoles. In addition, the
results of para-methyl- and para-chloro-, bromo- and
iodoanisoles clearly indicate that the barrier to methoxy
group rotation is insensitive to para-substituents and
virtually remains the same (i.e. of the order of 8 kJ
mol—l). The most striking point, though, is that the
barrier for rotation of this small group is scarcely

influenced by variation .of the identity of the highly

viscous dispersion media.

on

on
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For all the flexible molecules which exhibit
just an intramolecular process below the glass transition
temperature this process may be regarded as é-B-process
since it has the universal features ascribed to such
a process:

(a) a low energy barrier

(b) symmetrical absorption curves

(¢) a broad distribution of relaxation times

which increases with decreasing temperature

(d) a linear Eyring plot

Thus, for such molecules, the RB-process may
be ascribed to methoxy group relaxation. This specific
case 1is opposed to the more general one considered by
Johari and Goldstein (27) in that the presence of secondary
relaxations should be considered as a characteristic
property of the molecule in or near the glassy state and do
not require speéific intramolecular mechanisms for their

exlstence,
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CONCLUSION

For most of these various anisoles dispersed
at low concentrations in glassy media the work establishes

that:

1. methoxy group relaxation is the main contributor to
the dielectric relaxation and these rotations are almost

independent of para-substitution and the choice of solvent.

2. 4in the simple cases for the methoxy group molecule, the
lowest temperature relaxationm process (often termed a 8-
process) is an intramolecular one. Various mechanisms
have been involved (4,22) to account for the B-process

in organic glasses and one has been an intramolecular

one (2). However, another viewpoint 1s that R-processes
do not require specific intramolecular mechanisms for
their existence (27). This does not apply to the case
considered here, nor is it hecessary to invoke a mechanism
such as re-orientation of polar solutes in interstitial
.positions {(24). Methoxy group relaxation alone is

quite adequate  to explain the main results in the

glassy media considered here.
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TABLE

IV-1:

Relaxation time and Eyring Data for some Anisoles in a variety of Organic Glasses

Molecule.

para-methylanisole

para~chloroanisole
para-bromoanisole

_para-iodoanisole

3,5~dimethylanisole

para-fluoroanisole

para—chlorotoluene

Medium Temperature Relaxation Time

1

T(s) 4G, (kJ mol”l) &H As
Range E E E
(K 100 K 200 X { : 2 -1 1 1
300 K 100K 200 K 300 K kJ mol ° 3 k! moi~
18 -5 -7 '
polystyrene 79-111 1.7x10 6.1x10 14.4 21.7 7.2%0.5 ~-73%5
matrix
18 -6 -8
. o—terphenyl 70-110 9.9x10 3.4x10_3 -5 14.0 19.7 8.3+0.4 =5745
200-213 1.7x10 2.5x10 37.6 30.4 1210 71045
18 -5 -8 '
polyphenyl 80-107 1.0x10 3.3x10° Lo 140 19.7 8.420.6  -568
ether 257-268 -6 2.4x10_9 4,5%x10 45,6 33.6 n213 w651
cis-decalin 83-98 2.8x10 6.4x10 12.9 16.9 819+3.1 -40+34
o-terphenyl 80-110 2.6x10:2 I.SXIO:; 14.8 22,2 7.520.6 -74%7
cis~decalin 80-107 2.8x10 2.7x10 16.8 23.1 10.421.6  -64%17
o-terphenyl 87-118 3.9x10:2 1.3x10:; 15.2 22.0 8.30.3 -68+3
cis—decalin 85~109 6.9x10 8.4%10 17.5 25.0 10.043.1 -75%14
o-terphenyl 79-111 4.1x10:§ 2.3x10:g 15.2 22.9 7.5%50.4  ~77%5
cis~decalin 83-101 5.9x10 8.4x10 15.4 21.2 9.7+2.2 -57+25
polyphenyl ether  79-104 6.3x10°  1.1x1077 13.6  21.7 5.420.4 -84
cis-decalin 84-106 2.3x107" 4.7x1078 16.7 20.3 12.9:2.6  -37+28
polystyrene 136-163 T.9x107"  8.3x1077 26,0 25.0 27.1#2.1  10#14
matrix
26 -3 -6 ;
polystyrene 163-196 1.6x10 5.8x10 28.0 29.0 26.0 -9.0
matrix -3 -3
o-terphenyl 205-241 8.51(10_1 2.0X10_4 35.7 38.0 28.8+3.0 ~25#12
polyphenyl 197-240 8.8x10 9.1x10 35.7  36.7 32.9¢2.6  10:8
ether :

Ol
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Iv-3: Fuoss—-Kirkwood parameters for some anisoles in cis-decalin

T (K) 101 (s)
0.58 M p-iodoanisole
83.8 656.01

86.1 484.76

85.1 547.90

89.6 206.83

93.9 193.28
100.7 49,41

0.79 M p-chloroanisole
85.4 2657.20

87.3 2440,60

90.4 1379.30

94.0 610.68

96.1 449.12

97.1 335,57
103.6 219.51
107.8 108.73
0.68 M p-bromoanisole
87.8 2089,01

91.0 1862.41

93.9 1087.40
103.3 513.02
106.5 303.43
108.2 231.74

logvmax

2.38
2.51
2.46
2.88
2.91
3.50

1.77
1.81
2,06
2.40
2.54
2.67
2.86
3.16

1.88 -
1.93
2,16
2.49
2.71
2,83

0.35
0.35
0.35
0.31
0.44
0.40

0.34
0.26
0.27
0.34
0.33
0.31
0.46
0.39

0.77
0.60
0.87
0.56
0.47
0.43

0.38
0.38
0.38
0.39
0.40
0.39

0.21
0.22
0.23
0.24
0.25
0.25
0.27
0.27

0.08
0.08
0.09
0.09
0.10
0.10

u (D)
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TABLE IV-3: continued...

T{K) 1061(5) logv ’H 107 € u (D)

max i max Ton

0.68 M 3,5-dimethylanisole

84,5 4360.90 1.56 0.63 0.38 2,322 1.86
86.6 3588.20 1.64 0.51 0.41 2.334 2.15
89.7 1769.71 1.95 0.49 0.42 2.333 2.26
95.9 378.96 2.62 0.49 0.44 2.333 2.40
99.4 207.13 2.88 0.50 0.45 2.333 2.41
105.7 120.24 3.12 0.62 0.43 2.334 2.24
0.75 M p—methylanisole

83.1 25,88 3.78 0.50 1.04

87.4 20.83 3.88 0.61 1.08

89.5 9.65 4.21 0.51 1.03

92.5 7.47 4.32 0.51 0.94

95.0 5.42 4.46 0.51 0.90

97.9 3.43 4.66 0.47 0.78

0.45 M para-fluorocanisole (polystyrene)

136.5 2117.80 1.88 0.18 7.12
140.9 1177.20 2.13 - 0.17 7.35
144.1 605.67 2,42 0.18 7.57
148.4 356.76 2.65 0.18 7.82
151.2 227,03 2.85 0.18 7.96
154.3 133.64 3.08 0.17 8.09

163.8 33.81 3.67 0.19 8.67
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CHAPTER V

DIELECTRIC RELAXATION OF 1-BROMOALKANES

IN A POLYSTYRENE MATRIX
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INTRODUCTION

Dielectric relaxatioq studies have been reported
for aliphatic pdlar compounds in the solid, pure liquid
states, as well as in a variety of non-polar solvents. The
aliphatic bromides appear to have receiyed considerable
attention. Smyth and co-workers (1-3) measured dielectric
constants and losses of twenty-seven organic halides, mostly n-
alkylbromides as pure liquids at microwave frequencies. The
mean relaxation times and Cole-Cole distribution parameters
increased with increased chain length, and decreased with
increased temperature. They inferred that the large dié—
tribution parameters for the long chain alkyl bromides
result from segmental reorientations about the C-C bonds,
with a maximum rotating unit rarely larger than the segment
of a chain extending ten to twelve carbon atoms from the

dipole.

Just over a decade latef, Higasi, Bergmann &
Smyth (4) analyzed the dielectric data for bromoalkanes in
terms of a distribution of relaxation times between two
1iﬁiting values. The lower limit was attributed to the
relaxation time for the rotation of the terminal -CH,Br

group and the upper limit was considered to represent the
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relaxation time of the largest segmental unit, usually end-
over-end rotation of the molecule as a whole. Later, Johari,
Crossley‘& Smyth (5) examined n-octylbromide in n-heptane at
microwave frequency. The Cole-Cole plot was'adequately
represented by the'depressed.centre semicircular arc.

They were unable to find a successful enalysis of the di-

electric data in terms of two relaxation times.

Subsequently, Tay and Crossley (6) studied the
‘dielectric relaxation of eight alkylbromides in cyclohexane:
solution at 298 K. .The Cole-Cole plots were adequately
represented by the depressed centre semicircular arcs. The
mean relaxation times were found to increase with the
increase of chain 1ength. They were unable to obtain any
sensible analysis of the data in terms of two discrete
relaxation times. Their results suggested (a) the polar
end group rotation is not as dominant a mechanism of dipole
reorientation for bromoalkanes as it is for primary amines
and 2-alkanones, (b) the mean relaxation time lengthens
only slightly with increased molecular size from l-bromo-
decane to l-bromooctadecane, (¢) the contribution from
intramolecular rotation, especially for the larger molecules,
is not negligible, (d) the intramolecular reorientation is

dominated by the smaller segments.



The aim of the present investigation i1s to gain
insight into the types of relaxation processes which can
take place. The interpretations of previous investigations
have been based largely on arguments from mean relaxation
time and distribution parameter values and resolution of
these data into two limiting relaxation times or from Budd
analyses which sometimes may be quite deceptive. Our present
intent was to separate completely the absorption peaks of
some or any of the relaxation processes. A separation into
molecular and intramolecular processes has previously been
achieved for a series of long chain aldehydes in a polystyrene
matrix (7)., This is to be contrasted with the work on R-X
(X = -CH,Br, -NH,, -COCH,, -SCH,, etc.) solutes in qon—polar
solvents which have been studied dielectrically in the
microwave region. In no case has a complete separation of

the two processes been attained in the liquid phase. OQur

present aim was to achieve such a separation
by dispersing the l-bromoalkanes in highly viscous media where
the molecular relaxation time would likely be lengthened

much more than the intramolecular one.
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EXPERIMENTAL RESULTS

The following compounds were included in the

present study:

Number Name Structural Formula
1 l-bromopropane CH3(CH2)1Cﬁ2Br
2 l-bromohexane CH3(CH2)ACHZBr
3 l-bromoheptane CHB(CHZ)SCHZBr
4 l-bromooctane CHB(CH2)6CH2Br
5 l-bromodecane CHB(CHZ)SCHZBr
6 l-bromododecane CH3(CH2)10CH2Br
7 l-bromotetradecane CHB(CH2)12CH2Br
8 l-bromohexadecane CHs(CH2)14CH2Br
9 l-bromooctadecane CH3(CH2)16CH2Br

10 l-bromoeicosane CHB(CHZ)ISCHZBr
11 l-bromodoeicosane CH3(CH2)20CH2Br

All of the compounds were obtained commercially.

Table V-1 and Table V-2 collect the wvalues

of AHE, AS_ along with AGE and T values for the low and

E

high temperature absorptions respectively.

Table V-3 lists the extrapolated dipole moment
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at 330 K (UBBO K)’ effective dipole moment (ueff) and litera-
ture dipole moments (Ulit)' The energy differences between
the equilibrium positions of the dipoles are given 1in

Table V-4,

The Fuoss-Kirkwood analyses parameters, €_ and U
at various temperatures are given in Table V-5. Figures
V-1 to V-8 show the dielectric loss fagtor versus temperature
plots, absorption curves, relaxation time versus number of
methylene groups, AS_ versus AH_ and Eyring rate plots of

E E

some of the l-bromoalkanes.
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DISCUSSION

Aliphatic bromides of the general formula

CHB'(CHZ)nCHZBr where n = 4, 5, 6, 8, 12, 14, 16, 18 and

- 20, dispersed in polystyréne, exhibited two distinct absorp-
tion maxima when the loss factor was plotted against the
temperature at a fixed frequency (see Figure V-1). The low
temperature peak occurs somewhere in the 90-150 K region,
and the higher temperatures are Eetween 160 and 300 K. The
temperature maximum for each peak 1increases within the range

as the molecular weight increases. In the case of n =1

only a low temperature absorption peak was detected.

Low temperature dielectric absorption

‘From Figure V-1 it is evident that the half-width
AT% (which measures the breadth of the loss peak at half of
the loss maximum in the €" versus T plot at a fixed frequency)
of the low temperature absorption peak is approximately the
same and lies in the range 40-58 K whereas the AT% for the
high.temperéture absorption peaks 1increases slightly and lies
in the range 90-150 K., The relatively narrow half-widths
for the low temperature absorption compared with that of high
temperature absorption peaks suggests an intramolecular

process for the former. Table V-1 gives the Fuoss—-Kirkwood
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distribution parameter,>8, which does not change significantly
when n varies from 4 to 20 and lies between 0.18-0.35. Such

a large B-value as 0.35-in the low temperature region bears

out tﬁe intramolecular nature of the low temperature absorption.
Comparison may be made of thejB—values for CH3<CH2)nCH2Br

with those for intramolecular relaxation in molecules contain-
ing similar types of bonds, for exampie, B-values for
intramélecular relaxation in long chain aldehydes [CHB(CH2>nCHO]
(7) where B8 lies in the range 0.22-0.36 at 85-140 K. 1In

this case the lower temperature was interpreted as segmental
rotation involving the —-CHO group. There is considerable
similarity between the behaviour of the long chain bromides

and aldehydes., However, the pre?ious study on the aldehydes

was not so comprehensive as the present one. The intramolecular
nature of the low temperature absorption i1s also borne out

by similar B-values (0.23-0.34) for intramolecular relaxation

of some symmetrically substituted diaryl ether compounds in

the temperature range 83-141 K (10). Sample plots of g"

versus logv for l-bromodocosane and l—bromoheptaneAat

different temperatures are given in Figures V-2 and V-3 respectively.

Shukla et al (11) studied benzyl bromide in a
polystyrene matrix and obtained an enthalpy of activation,

12 kJ mol_1 for the —CHZBr rotation, The potential barrier,

V, for group rotation in CHB—CHzBr has been reported to be

14.9 kJ mol-l;(12). Schaeffer et al (13) employing the n.m.r.
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technique in additioh to molecular orbital calculations
estimated the lower limit for the energy barrier to
group rotation in benzyl bromide to be 13 kJ mol—l.
Padmanabhan (14) obtained the enthalpy of activation, 14.9

kJ mol—l, for n-propylbromide by the ultrasonic relaxation
technique for cis-trans isomerization involving the CH3CH2-
and —CHéBr groups., The smallest molecule we have been able
to study is n = 1, and the enthalpy of activation is 18.3

kJ mol—l. The high temperature absorption has not been
detected for n-propylbromide; the low temperature absorption
is either the intramolecular process (where the molecular
process occurs below that of liquid nitrogen temperature)

or an overlapping of the molecular and intramolecular processes.
The AHE = 18.3 kJ mol_1 is of the same order as that obtained
by Padmanabhan by the ultrasonic technique (14) for n-
propylbromide and Flanagan et al (12) in CHB—CHZBr for group
rotation by microwave spectra., The higher barrier for

—CHZBr rotation ‘in n-propylbromide could be accounted for by
the introduction of the CH3 group in ethylbromide and an
enhanced steric effect. Again, in benzylbromide the steric
effect would be less than n=propylbromide and may account

for the low value of 13 kJ mol—l estimated by Schaeffer et al

(I13) for benzylbromide.

Figure V-4 shows that the relaxation time, TlSC’
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increases as the number of carbon atoms in the molecule
‘increases and becomes almost linear between n = 14 and

n = 20. This clearly indicétes that the intramolecular
process .involves iﬁcreasing 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 detected through corresponding movement of

the terminal -CH,Br dipole.

2

A linear relationship between AS_ and AHE appears

E
wha1ASEis plotted against AHE for the low temperature absorp-
absorption (Figure V-5). For intramolecular processes there

appears to be no specific relationship between AHE and AHE.
However, for a particular type of intramolecular process, a
linear correlation may exist between ASE and AHE. For
example, Davies et al (9) established the relationships ASE

(J K mo - 173 for the "butterfly

) = 4.2 AHZ (kT mol
flapping"-type of intramolecular motion in thianthrene-type
structures, and Desando et al (10) found the relationship
ASE = 4,1 x AHE - 110 for the intramolecular relaxation of
symmetrically substituted diaryl ethers and sulfides in a
polyétyrene matrix. These relationships are to be strongly

contrasted with one found by Khwaja and Walker (17) for rigid

molecules in a polystyrene matrix which is:
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Within experimental error there is a reasonable fit of the

A values for intramolecular rotation of the l-bromo-

SE(obsd)

alkanes to the relation, ASE = 4,1 AHE - 70. The sole rotation

of the terminal - CH,Br postulated by some investigators

E with

cannot account for the appreciable variation in AH
increasing chain length, nor for the relationships between
ASE and AHE which favours an i1ntramolecular process rather

than a molecular one,

In order to investigate the lower témperature
process more thoroughly, 1-bromoalkanes with n = 6, 12, 14 and
16 have been studied in o-terphenyl. Glassy o-terphenyl as
with'polysﬁyrene has been used with success to separate
relaxation processes which normally overlap at microwave

frequencies around room temperature. Between 77 and 230 K

)

glassy o-terphenyl shows negligiblé dielectric loss (e"~10
and, therefore, 1is particulariy useful as a restrictive
medium for the.Study of intramolecular motions (15,16). There
may, however, be difficulty in detecting the molecular process
of the solute when it occurs around the glass transition
temperature of o-terphenyl (Tg V250 K). In fact, only low
temperature absofption has been detected for the systems
examined. The higher temperature process 1is most likely en-

veloped by the a-process of the dispersion medium.
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Similar AGE and also AHE values are obtained for
the low temperature process for a given solute in the different
dispersion media (e.g. the l-bromoalkane with n = 10 yields
AHE and AGE values of 23.9 kJ mol—1 and 20.0 kJ molm1 in a
polystyrene matrix and 23.3 kJ mol_l and 19.L.kJ mol_l in a

polypropylene matrix).

The similarity of the AHE values of a particular
l-bromoalkane in polystyrene, polypropylene, and glassy o-
terphenyl, strongly confirms the intramolecular nature of the

low temperature process (see Table V-1).

Higher temperature dielectric absorption

A1l the 1-bromoalkanes except n = 1 display a
second absorption in the temperature range 165-300 K in a
polystyrene matrix. A representative curve for €" versus logv

is given in Figure V-3).

A survey of the Fuoss—Kirkwood distribution
pafameters shows low values lying in the range 0.13-0.22,
and these testify to the wide range of relaxation times. Rigid
molecules, for example para-halotoluenes and para-halobiphenyls,

absorb with similar B8 values (0,17-0.24) in the similar
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temperature range, 160 - 330 K (17). These low B-values
which are reflected in the broad ioss>curves-(seeFigumm V-1

and V-3) would be appropriate for whole molecule rotation.

The relaxation time, TBOO K* increases almost
linearly with the increase of carbon atoms in the chain (see
Figure 6). This indicates that the size of the reorientating
unit also increases with the number of carbon atoms in the

chain.

The data (see Table V-2) for the higher temperature

absorption processes follow the relationship:

ASE = 2,1 AHE-6O

within experimental error, This is virtually identical to the
one Khwaja and Walker found for the molecular relaxation of

rigid mplecules in a polystyrene matrix (17). For molecular
rotation there may be considerable disturbance to the
surroundings 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 temperature processes for the molecules

E

which possess the largest values of n.

Thus, it seems reasonable to assume that the

higher temperature absorption may be attributed to molecular
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reorientation. This is borme out by the fact that the

molecule with n = 10 dispersed in a polypropylene matrix
yields significantly different Eyring parameters (AHE = 67

kJ mol_l, AS_ = 158 J g1 mol—l) than that in a polystyrene

E
matrix (AH, = 52 kJ mol” ! and AS, = 32 J kK™Y mo17ly.

The higher temperature absorpfion cannot be
attributed to the co-operative motion of the solute and solvent
since the glass transition‘tgmperature, for example, of 1-
bromoeicosane (n = 18) in polystyrene was found to be V340 K

which is considerably higher than the high temperature absorp-

tion region of the l-bromoalkanes (165-300 K).

Altogether, the present work for l-bromoalkanes
in viscous media bears out what was previously inferred by
Smyth et al (1-4) for the dielectric absorption of such
molecules as pure liquids. The conclusions differ, however,
in that segmental reorientation does not appear to be
limited to ten or twelve'carbon atoms from the —CHzBr dipole.
Our results seem to be in contrast with Tay et al (5) who
concluded that the dielectric absorption in bromoalkanes
in cyclohexane solution 1is domiﬁated by the terminal —CHZBr
rotation., In the glassy media, however, the intramolecular
process has been completely separated from the molecular one

and characterized by means of its Eyring activation parameters
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whereas the work in the microwave region led to a mean
relaxation time resulting from the-everlap of molecular and
intramolecular relaxation processes, It is quite apparent
fjom the Enmax values 1in Figure V-1 that the contributions
from the higher and lower temperature processes are very

similar.

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, um(molandar) and Mg (segmental), which governs the

effective dipole moment (ueff) where:

Mogge = [um + g ]

In line with the procedure adopted by Swain and Davies (9) for
flexible molecules the “s may be taken to be the extrapolated

value of the dipole moment at 330 K for the higher temperature
absorption, Therefore, the estimated value of the total dipole

- . . . ~ R 2
moment for l-bromooctane in polystyrene at 330 K is [(1.46) +

2 1
(1.25) 1% = 1.9, D which is in good agreement with the literature
values 1.88 D at 298 K (19). Estimates of u(eff)_for the
other molecules are given in Table 3. On the whole, the

agreement is adequate to support the model especially since
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therus values had to be extrapolated over a range of 150 K.

The intensities of the two peaks should be in
: 2 2
the approximate ratio of [ /US and for l-bromooctane

2 2 2 2
u /us = 1.25 /1.46 = 0.73. This corresponds closely with

m

the loss factor maxima ratio in Figure 1 which gives a value

of 0.74.

The energy differences, AEO, between the
equilibrium positions of the dipecles in l-bromoalkanes in a

polystyrene matrix calculated from the equation (2)

AE
'1n(€"maX‘T) = constant - _0

RT

are given in Table V-3. The AEO values for the
chain molecules as in the pure state are high and lie
between 8 to 21 kJ mol © (21,22). The two sites,

unsymmetrical barrier model in which the dipole rotates from

one equilibrium position to the other through an angle much

FIGURE V-9:

Potential energy
diagram for unequal
potential minima

e

Potential energy

-

Dipole rotational angle
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smaller than 180° has been suggested. The high AEO values for
these molecules have been attributed to the end-to-end
interaction between the molecule in the crystal lattice.

Meakins (20) found the AE_ values for the solid solution of

0

long chain polar molecules in long chain hydrocarbons to be
smaller. He adopted the two sites)symmetrical.barrier
‘model in which the dipoles rotate from one eQuilibrium postion

to the other through an angle of 180°.

In the case of long chain bromides in a polystyrene
matrix, we found AEO values either Zero or very small for
both the low and high temperature absorptions. Therefore,

we adopt the two sites symmetrical barrier model (see Figure V-10) for both

the low and high temperature absorptions. The reason for the low
>
80
~
()
o
3]
B!
o
i AE
-~
a
)
+J
o
p-‘ A

Dipole rotational angle

FIGURE V-10: Potential energy diagram for dipole rotating
in a polystyrene matrix with energy barrier
AE and equilibrium positions of equal energy
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Es values for the long chain bromides in a polystyrene matrix
compared to long chain polar compounds in the pure solid
state is that in a polystyrene matrix, the molecules are.

monomolecularly dispersed in the cavities (23). Thus, the

packing and molecular interactions are negligible.
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CONCLUSION

OQur experimental data answer directly the
speculations of some of the pre&ious workers as was discussed

in our introduction, e.g.:

(1) there are at least two relaxation processes (see FigureV-1).

(2) the magnitude of the processes (if there are just two) is
of the same order (SaaFigneVV€U, and the relaxation
times of each of these processes lengthens with the number
of carbon“atoms in the chain (See Figures V-4 and V-6,

(3) both the enthalpies and the entropies of activation increase
with the number of carbon atoms in the chain (see Figures V-5
and V-7). Further, 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.

(4) The two sites, symmetrical barrier model seems adequate

for the long chain bromides in a polystyrene matrix.

Qur dipole moments calculated on the basis of
the model of two relaxation processes afe in reasonable
agreement with the literature values from more direct methods.
Thus, M may be identified with molecular rotation while o
involves rotation of the segments which leads to movement of
the main group,mome;t (—CHZBr). Strictly this motion is

composed of several relaxation motions involving different



chain lengths, although it is, of course, always the Mg
component which governs the lower temperature absorption.
This more refined model then accounts for the lengthening
of the,reléxation time with increased chain length (see

Figure V-4) for the lower temperature absorption.

142
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TABLE V-1: Eyring activation parameters for the higher temperature absorption of l-bromoalkanes in a polystyrene matrix

n Medium Temperature Relagation Time T(s) ACE (kJ mol‘l) AHE ASE
Range
w 100 K . .. 150k 100 K 150°K 13 mo2 t 3 k71 -1
) . mol

1 p.s.t 90-109 3.40x107" 1.50x107 1 16.9 16.3 18.3 13

4 P.S. 95-117 3.66x10 " 1.00xio'7'§ 17.0 15.8 19.5 24

5 P.S. 96-116 1.10x10"° 2.80x107 17.9 17.0 19.6 17

6 P.S. 98-124 1.68x10° 6.23x10" 18.3 18.1 18,7 4.0

6 corpt 102-125 4.37x107° 8.24x10"" 19.1 18.4 20.4 13.1

8 P.S. 106-130 1.15%x1072 1.13x10°° 19.9 18.8 22.0 21.4
10 P.S. 114-136 6.12x10 2 2.83x107° 21.3 20.0 23,8 26.2
10 p.p.” 107-124 2.37x1072 1.38x107° 20.4 19.1 23.3 28

12 P.S. 114-135 1.36x10 " 4.20x107° 21.9 20.4 24,9 29.6
12° GOTP 120~149 1.27x107 1 2.38x107° 21.9 22.6 20.4 -14
14 P.S. 116-144 4.24x107 1 6.76x10° 22.9 21.0 26.5 36.7
14 GOTP. 117-150 1.07x;0° ! 9.14x10" %  21.7 21.4 22.4 6.4
16 P.S. 119-147 5.25x107 1 9.63x10°° 23.1 21.5 26,2 31.4
16 COTP 112-147 1.87x107° 22.3 19,0 -22
18 P.S. 121-146 1.32x10"° 21.4 27.4 37

20 P.S. 125-146 1.66x10 " 22.2 29 6 49
t Dispersion medium polystyrene (P.S.) ¥ Dispersion medium glassy o-terphenyl (GOTP) * Dispersion medium polypropylene

crl



TABLE v-2:

10
10
12
14
16
18

20

Eyring activation parémeters for the higher temperature absorption of l-bromoalkanes in a polystyrene matrix

Medium

Temperature Relaxation Time 7T(s)
Range
() 200 K 300 ¥
168 - 204 6.60x10 >
_4'
189 - 213 6.05x10
205 - 249 5.00x107°
220 - 260 4.14x107°2
236 - 261 2.50x10" "
192 - 207 4.80x107%

' -1 -6
237 - 280 5.40x10 6.2x10
238 - 279 1.30x10" 6.70x10
245 - 299 2.98x10" 8.70x10

-5
262 - 299 6.20x10" 1.264x%10
264 - 297 2.09x10° 1.67x10"

1

4G, (kJ mol 7) LHp ASg
200 K 300 K ] mol” k1 mo17?!
32.3 31.5 -3.7
36.0 35.4 -2.9
39.5 39.3 -1.2
43.0 46.9 19.3
46.0 52.4 32
35.6 _67.4 158
47.3  43.6 54,7 37.3
48,8  43.8 58.8 50.0
50,1 444 61.6 57.7
55.2 46.8 72.0 84
57.2  46.0 79.5 111.6

arl
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TABLE V-3: Mo and Mg values extrapolated to 330 K
2 2
and Hopg from Hoee o (g +us_)é

n Wi @ Hpesze x) (P Hs(330 k) (D) Hegg (D)
4 1.99 1.38 1.47 2.02
5 1.90 l'.18 1.59 l°98
6 1.98 1.2.5 1.46 1,92
8 1.92 1.37 1.48 2.02
10 - 1.49 1.22 1.93
12 1.92 1.2, 1.3, 1.7,
14 1.87 ]_.43 1.39 1.99
16 - 1.33 1.41 1.97
18 - 1.36 1.27 1.80
20 - 1.3 1.1 1.7
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TABLE V-4: Energy differences between the equilibrium
positions of the dipoles in a polystyrene
matrix.

n Temperature region of absorption AEO kJ mol—1
1 LTA 3.8
4 LTA % 0.67
4 HTA * vOL12
5 LTA 5,94
5 HTA 0.67
6 LTA 0.55
6 HTA 0.25
8 LTA 0.53
8 HTA 0.52
10 LTA 0.50
10 HTA 0.35
12 LTA 0.55
12 BHTA 0.48
14 LTA 0.48
14 HTA 0.25
16 LTA 0.27
16 HTA 0.45
18 LTA 0.25
18 HTA 0.03
20 LTA 0.19
20 HTA 0.10
LTA ¥ = Low temperature absorption

HTA * High temperature absorption
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TABLE V-5: Fuoss-Kirkwood parameters, €% and Y, at various
temperatures for l-bromoalkanes in a polystyrene matrix

6 3
T(K 10 . "
) f(s) logvmax 8 107e" . €, u (D)

0.85 M n-propylbromide (lower temperature process)

90.6  3766.96 1.62 0.24 3.24

92.2 2161.39 1.86 0.25 3.30

94,0 1360.71 2.06 0.26 3.60

97.3 627 .49 2.40 0.27 3.42

100.4 299.62 2.72 0.28 3.49

104.0 138.45 2.06 0.28 3.50

108.2 58.31 3.43 0.30 3.59

0.50 M 1-bromohexane (lower temperature process)

95,0 1221,02 2.11 0.22 5.9 2.876 0.45
97.7 625.57 2.40 0.22 6.1 2.874 0.47
100.6 331.27 2.68 0.22 6.2 2.873 0.47
105.0 118.20 3.12 0.21 6.4 2.869 0.50
107.8 61.55 3.41 0.21 6.6 2.866 0.52
110.0 35.82 3.64 0.21 6.8 2.864 0.54
116.6 9.83 4,20 0.21 6.9 2.861 0.55

0.50 M I1-bromohexane (higher temperature process)

168.0 2506.84 1.80 0.16 . 8.8 2.878 0.85
171.6 1653.31 1.98 0.17 9.0 2.878 0.85
175.7 1118.,29 2.15 0.16 9.1 2.875 0.88
179.7 677.41 2,37 0.16 9.2 2.873 0.89
185.8 333.39 2.67 0.17 9.4 2.870 0.91
189.3 235,51 2.82 0.16 9.5 2.867 0.93
194.,1 121,34 3.11 0.16 9.5 2.862 0.96
197.1 85.39 3.27 0.16 9.6 2.859 0,97
159.6 62.36 3.40 0.16 9.6 2.858 0.98
203.2 42.82 3.57 0.16 9.7 2,857 0.98



TABLE V-5: continued...
T (K) 1061(3) log Vv B8 1036"
: ‘ max max
0.60 1l-bromoheptane (lower temperature process)
96.0  3762.40 1.62 0.22 9.0
98.0 1610.06 1.99 0.24 9.2
100.2 995.75 2.20 0.24 9.4
103.90 473.29 2.52 0.25 9.7
1656.0 287.38 2.74 0.25 9.9
1¢9.0 146.23 2.03 0.25 | 10.0
112.8 63.91 3.39 0.26 10.4
116.0 39.67 3.60 0.26 10.6

0.60 l-bromoheptane (higher temperature process)

-189.1 . 1945.46 1.91 0.19 15.2
190.7 1708.96 1.96 0.18 15.2
193.0 1404.39 2.05 0.18 15.3
195.7 1024 .52 2.19 0.17 15.4
199.0 691.66 2.36 0.17 15.4
201.7 530.06 2,47 0.17 15.5
204.,0 410.46 2.58 0.17 15.6
208.,4 254.71 2.79 0.16 15.6
212,2 143.34 3.04 0.15 15.6

0.52M 1-bromooctane (lower temperature process)

98.0 2532.,52 1.79 0.25

8.0
- 99.4 1536.69 2.01 0.26 8.2
101.8 1275.18 2,09 0.24 8.4
104.4 721.52 2.34 0.25 8.6
108.5 293.09 2.73 0.26 8.9
112.8 112,27 3.15 0.26 9.1
115.7 61.71 1 3.41 0.28 9.4
119.0 37.71 3.62 0.29 9.6
123.,1 19.87 3.90 0.30 9.9

<

2,873
2.873
2.872
2.872
2.870
2.879
2.869
2.826

2.793
2.807
2.804
2.866
2.980
2.796
2.794
2.800
2.789

2.858
2.858
2.856
2.854
2.852
2.850
2.849
2.849
2.848

150

u (D)

0.51
0.50
0.51
0.52
0.53
0.54
0.55
0.56

1.02
1.04
1.05
1.06
1.06
1.11
1.13
1.18
1.21

0.49
0.49
0.52
0.52
0.53
0.55
0.55
0.55
0.56
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TABLE V=5 continued. ..

T (K v "
(K) 1071 (s) log Vax 8 107e" €. W (D)

0.52 M 1l-bromooctane (higher temperature process)

205.2 2120.69 1.87 0.18 11,0 2.871- 0.98
208.6 1643.17 1.98 0.18 11.1 2.867 1.01
212.0 1276.13 2.09 0.16 11.1 2.863 1.04
217.1 814.95 2.29 0.16 . 11.2 2.856 1.08
222.8 461.01 2.53 0.16 11.3 2.855 1.09
227 .4 300.79 2.72 0.15 11.3 2.850 1.13
233.2 -151.05 3.02 0.14 11.3 2.834 1.17
237.2 113,71 3.14 0.15 11.3 2.842 1.16
243.8 50.90 3.49 0.15 11.3 2.836 1.19
248.7 32.93 3.68 0.15 11.3 2,766 1.19
0.50 M l-bromodecane (lower temperature process)

106.3 2075.58 1.88 0.26 10.5 2.846 0.59
109.4 1111.08 2.15 0.26 10.7 2,845 0.61
113.7 412.26 2.58 0.27 11.1 2.842 0.62
116.6 239.44 2.82 0.28 11.4 2.845 0.62
119.4 124.83 3.10 0.29 11.5 2.841 0.62
122.7 67.54 3.37 0.30 11.8 2.840 0.63
125.6 39.89 3.60 0.32 12,1 2.840 0.63
129.4 21.62 3.86 0.33 12.4 2.839 0.63
0.50 M 1l-bromodecane (higher temperature process)

220.0 2153.19 1.86 0.18 12.9 2.870 1.10
223.4 1756.81 1.95 0.18 12.8 2.867 1.12
228.0 1190.35 2,12 0.17 12.9 2.863 1.16
233.0 661.96 2.38 0.17 12.8 2.857 1.19
237.4 469.52 2.53 0.16 12.8 2.854 1.22
41,8 296 .46 2.72 0.16 12.8 2,851 1.23
i46.8 181.98 2.94 0.16 12.7 2.846 1.25
253.1 76,52 3.31 0.15 12.6 2.837 1.29
259.1 42.93 3.56 0.16 12,6 2.836 1.28
0.47 M 1-bromododecane (lower temperature process)

114.8 1293.99 2.08 0.27 11,5 2.840 0.66
117.0 772.93 2.31 0.28 11,7 2.841. 0.66
119.4 497.37 2.50 0.28 11.8 2.841 0.66
122.5 256.05 2.79 0.29 12.1 2.834 0.67
126.0 125.07 3.10 0.30 12.3 2,842 0.67
129.6 64.01 3.39 0.32 12.6 2.839 0.67
132.6 38.52 3.61 0.33 12.8 2.839 0.67

136.6 20.62 3.88 0.35 13.1 2.883 0.66
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TABLE V-5: continued...
T (K) 1061(5) logwv B 1035" € u (D)
: max max ® H

0.47 M l-bromododecane (higher temperature process)

231.4 2651.89 1.77 0.18 11.9 2.887 1.14
234 . 4 1902.57 1.92 0.18 12,0 2.885 1.15
237.7 1481.63 2.03 0.18 12.2 2.889 1.14
241.5 1040.49 2.18 0.15 11.9 2.877 1.24
247 .0 587.16 2.43 0.15 12.0 2.823 1.27
251.0 388.50 2.61 0.15 ~ 11.9 2.866 1.30
256.0 ~201.52 2.89 0.13 11.8 2.856 1.38
261.0 95.95 3.22 0.13 11.8 2.851 1.39

0.44 M 1l-bromotetradecane (lower temperature process)

" 114.0 2813.11 1.75 0.27 10.6 2,803 0.65
116.5 1642.59 1.98 0.27 11.0 2.801 0.67
118.5 1119.57 2,15 0.27 11.1 2,801 0.67
120.5 678.75 2,37 0.28 11.3 2.799 0.68
123.0 337.88 2.67 0.29 11.6 2.799 0.69
126.1 223.21 2.85 0.29 11.8 2.798 0.69
129.5 109.38 3.16 0.30 11.9 2.796 0.70
134.8 42.40 3.57 0.33 12.4 2.799 0.70

0.44 M l-bromotetradecane (higher temperature process)

236.9 2101,12 1.87 .19 9.8 2.828 1.05
241.7 1449.,14 2,04 0.18 9.8 2.862. 1.08
247.0 878.92 2.25 0.17 9.7 2.862 1.14
254.0 417.17 2.58 0.16 9.7 2.812 1.19
262.0 213.35 2.87 0.15 9.7 2.803 1.25
269.6 67.61 3.37 0.14 9.6 2.790 1.30
274,5 42.96 3.56 0.14 9.6 2,787 1.30
279.4 33.10 3.68 0.15 9.5 2.788 1.27
0.34 M  1-bromohexadecane (lower temperature process)

116.1 4762.98 1.52 0.25 10.2 2,835 0.76
118.5 2273.42 1.84 0.26 10.5 2.819 0.76
120.8 1399.89 2,05 0.26 10.7 2.814 0.77
122.5 938.37 2.22 0.27 10.8 2.813 0.77
124,1 659.34 2.38 0.27 11.0 2.812 0.78
125.6 495,08 2.50 0.28 11.1 2.842 0.78
128.,7 255,30 2.79 0.29 11.3 2.812 0.78
133.4 102.57 3.19 0.34 11.6 2.810 0.79
136.7 56.16 3.45 0.32 11.9 2,811 0.78

143.7 18.78 3.92 0.34 12.3 2.809 0.80
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TABLE V-~-5: continued...
T (K) 1061(3) logv B 103(»:" € u (D)
max max ®
0.34 M l-bromohexadecane (higher temperature process)
238.0 2888.12 1.74 0.19 9,6 2.839 .1.21
241.1 2294 .45 1.84 0.19 9.7 2.836 1.20
243.0 1786.45 1.94 0.19 9.7 2.833 1.22
247.0 1258.45 2.10 0.18 - 0.6 2.830 1.25
254 .7 629.90 2.40 0.17 9.5 2.824 1.30
258.4 373.26 2.62 0.17 9.5 2.820 1.31
265.1 199,27 2.90 0.16 9.4 2.813 1.37
269.0 134.44 3.07 0.14 9.3 2.825 1.43
274 .2 55.36 3.45 0.15 9.2 2,800 1.43
279.0 32,72 3.68 0.15 9.2 2.807 1.44
0.39 M l-bromooc tadecane (lower temperature process)
119.1 2778.93 1.75 0.25 8.5 2,824 0.65
121.1. 1789.85 1.94 0.26 8.7 2,845 0.65
125.0 747 .74 2.32 0.27 8.9 2.822 0.66
130.1 273.89 2.76 0.28 9.3 2.821 0.67
134.4 116.14 3.13 0.30 9.4 2.819 0.67
138.4 55.55 3.45 0.32 9.7 2.819 0.67
143.4 26.55 3.77 0.34 10.0 2.819 0.66
146.1 17.98 3.94 0.34 10.0 2.818 0.67

0.39 M 1-bromooctadecane (higher femperature process)

245.7 2049.10 1.89 0.20. 9.6 2.833 1.09
251.4 1266.61 2.09 0.19 9.6 2.828 1.13
256.7 775.51 2,31 0.18 9.6 2.822 1.17
260.7 441,18 2.55 0.19 9.6 2.841 1.16
265.,3 260.09 2.78 0.18 9.5 2,816 1.19
270.6 126.38 3.10 0.17 9.3 2.809 1.22
275.3 77.62 3.31 0.17 9.2 2.804 1.23
282,5 37.73 3.62 0.17 9.0 2.825 1.24
284.0 33.70 3.67 0.17 8.8 2.797 1.22
288.8 25.81 3.78 0.17 8.7 2.888 1.23
291.8 21.17 3.87 0.17 8.6 2,918 1.22

8.4 2.982 1.28

298.2 8.70 4,26 0.16
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TABLE V-5: continued...

6 :
T (K .
(K) 107t (s) logv x g 107¢ x € u (D)

0.67 M 1l-bromoeicosane (1owér temperature process)

120.9 2955.,22 1.73 S 0.25 8§.09 2.835 0.49
123.6 1758.91 1.95 0.25 8.37 2.834 0.50
126.5 1015.0 2.19 0.25 8.53 2.832 0.51
130.1 465,01 2.53 0.26 - 8.72 2.831 0.51
132.7 262.01 2.78 0.28 1 8.92 2.828 0.51
136.5 121.09 . 3.11 0.29 9.05 2.821 0.51
140,5 57.93 3.43 0.30 9.30 1.827 0.52
145,7 26.99 3.77 0.33 9.62 2.831 0.51
0.67 M l-bromoeicosane (higher temperature process)

262.0 1718.62 1.96 0.17 6.40 2.827 0.78
264 .7 1193.11 2.12 0.16 6.39 2.854 0.79
266.6 932.80 0 2.23 0.16 6.36 2.823 0.80
273.0 590,82 T 2.43 0.16 6.32 2.821 0.79
275.9 409.98 2.58 0.15 6.29 2.816 0.82
277.3 290.10 2.73 0.15 6.23 2.813 0.84
280.0 172.38 2.96 0.14 6.14 2.806 0.87
289.2 72.17 3.34 0.14 6.14 2.800 0.88
293.0 43,85 3.56 0.14 6.11 2.792 0.86
299.0 25.12 3.80 0.15 6.04 2.775 0.89
0.38 M l-bromodocosane (lower temperature process)

124.6 2330.81 1.83 0.24 8.4 2.858 0.68
126.0 1831.32 1.93 0.24 8.5 2.880 0.68
128.7 1022.61 2.19 0.25 8,7 2.855 0.69
132.1 471.19 2.52 0.26 8.9 2.854 0.69
135.3 235.54 2.82 0.27 9.1 2.854 0.70
138.6 118.34 3.12 0.28 9.3 2.853 0.69
141.7 65.59 3.38 0.30 9.4 2.852 0.69
145.6 36.43 3.64 0.32 9.7 2.853 0.68
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TABLE V=-5: continued...
T (K) 108+ (s) logv 8 103

max max Em u (D)
0.38 M 1-bromodocosane (higher temperature process)
263.1 1755,61 1.95 0.15 6.5 2.855 1.10
267 .0 1037.37 2.18 0.14 6.5 2.848 1.12
271.4 541,92 2.46 0.15 6.4 2.846 1.10
276.0 282.81 2.75 0.15 - 6.4 2.841 1.12
281.0 130,39 3.08 0.14 6.3 2.833 1.16
286.5 66.29 3.38 0.14 6.4 2,828 1.16
291.0 45,66 3.54 0.15 6.3 2,824 1.15
296.9 29.10 3.73 0.15 6.2 2,819 1,09

l-bromooctane (G.0.T.P.) (6.5% by weight)

102.6 2049.60 1.89 0.31 1.79
107.0 903.57 2.24 0.31 1.88
109.4 506.54 2.49 0.32 1.94
112.5 270.06 2.77 0.34 1.98
115.3 147.12 3.03 0.33 1.99
117.8 90.55 3.24 0.34 2.08
118.8 75.38 3.32 0.34 2.04
119.9 57.90 3.43 0.35 2.07
122,9 37.06 3.63 0.36 2.10
124,7 27.41 3.76 0.35 2.08

l-bromotetradecane (G.0,T.P.) (6.9%Z by weight)

120.1 1746.11 1.95 0.30 0.6
122.5 1034.89 2,18 0.42 0.7
125.2 654.92 2.38 0.41 0.7
129.0 444,12 2.55 0.35 0.7
132.6 256.99 2.79 0.32 0.7
136.8 122.51 3.11 0.32 0.7
141.0 64.91 3.38 0.33 0.7
144.0 47.07 3.52. 0.35 0.7
149.0 24,55 3.81 0.35 6.7



156

"TABLE V-5¢: continued...

6
TK .
(_) 1071 (s) 1ogymax B 107¢ max € W (D)

-1-bromohexadecane (G-0.T.P.) (7.5% by weight)

117.2 1891.27 1.92 0.26 3.3
119.5 1183.64 2.12 0.27 3.4
121.5 758.23 2.32 0.27 3.4
123.3 570.53 2.44 0.32 3.5
126.0 304,52 2.71 0.29 . 3.5
130.7 123.64 3.10 0.31 3.6
135.0 61.45 3.41 0.34 3.7
139.2 32.57 3.68 0.37 3.8
142.7 21.69 3.86 0.39 3.8
145.7 17.16 3.96 0.42 3.9
149.4 12.61 4,10 0.46 3.9

l-bromooctadecane (G.0.T.P.) 8.1%Z by weight)

112.1 4803,22 1.52 0.22 0.6
113.7 3582.81 1.64 0.22 0.6
117.5 1181.49 2.12 0.37 0.7
119.4 1042.55 2,18 0.29 0.7
121.1 889.32 2,25 0.31 0.7
124.8 483.78 2.51 0.29 0.7
129.4 251.74 2.80 0.27 0.7
133.,0 129.95 3.08 0.27 0.7
138.0 76.03 3.32 0.26 0.8
140.,0 49.92 3.50 0.26 0.3
147.,0 27.90 3.75 0.23 0.8

0.45 M 1-bromododecane (polvpropvlene) (lower temperature process)

107.2 3134.83 1.70 0.25 11.4
110.8 1482.,97 2.03 -0.26 12.1
113.8 714 .03 2.34 0.26 12.5
117.0 349.35 2.65 0.27 - 12.9
119.0 231.99 2.83 0.28 13.2

123.6 86.54 3.26 6.29 13.7



TABLE V-5 continued...

T (K) 10+ (s) log. 8 1076 ¢ u(D)

, Ymax max ®

0.,45M l-bromododecane (polypropylene)(higﬁer temperature process)
192.0 2355.26 1.83 0.19 20.4

195.6 1355.53 2.07 0.18 19.6

199.0 619.50 2.41 0.18 18.5

202.3 348,37 2.66 0.16 17.8

206 .4 112.73 3.15 0.1l6 17.4

210.6 24.66 3.81 0.15 17.2
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FIGURE V-6: Relaxation time, T, at 300 K as a function of the number of
methylene groups (n) for the higher temperature processes of
l1-bromoalkanes in a polystyrene matrix.
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CHAPTER VI

DIELECTRIC STUDIES OF SOME

BROMOSUBSTITUTED ALKANES IN

. POLYSTYRENE AND POLYPROPYLENE MATRICES
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INTRODUCTION

A detailed dielectric study of l-bromoalkanes
has been presented in Chapter V, In this Chapter we
investigate the effect of the variation of the position
of dipoles along the hydrocarbon chain. Dielectric studies
of the variation of the position of the dipoie on relaxation
parameters are incomplete in the literature. A few studies
may be mentioned of Crossley et al (1) who measured dielectric
constanté and losses of 1,2, and 4-bromooctanes and 1,10-
dibromodecanes in cyclohexane solutionm at 25°C. They were
unable to Qb;aig any sensible Budd analyses of the data
in terms of two relaxation times. Their results suggested
(a) the polar end group rotation is not a dominant mechanism
of dipole reorientation for l-bromoalkanes as it is for
primary amines and 2-alkanones; (b) the mean relaxation
time lengthens only slightly with increased molecular
size from l-bromodecane to l-bromooctadecane; (c) the
contribution from intramolecular rotation, especially for
theilarger molecules, is not negligible; (d) the intra-
molecular reorientation is dominated by smaller segments
which contain CHZBr; (e) the relaxation times for l,lO-di—
bromodecane and l-bromodecane are almost the same; and

(f) the location of the dipole has little effect on the

relaxation times for bromooctanes which is also the case
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for the nonanones and nonylamines.

Anderson and Smyth (2) have studied the
dielectric absorptions of three isomeric dibromobutanes
and l,4-dibromopentane at frequencies of 0.52 MHz, 9.3 GHz
and 240 GHz and at 293 K, 310 K and 333 K as pure liquids.
They observed that the Cole-Cole distribution parameter,
@, was almost zero and. the mean relaxation time for three
isomeric dibromobutanes were identical within the
accuracy of determinations but for l,4-dibromopentane a
"somewhat longer relaxation time than that of dibromobutanes
has been found". They suggested that the dielectric
absorptions in these molecules could be attributed to
the whole molecule rotation and there was no indication
of a second relaxation process as evident from zero values

of distribution parameter, Q.

Garg et al (3) measured the‘dielectric constants
and losses of 1,4-, 1,6- 1,8—'andl;HFdibromoalkanes at
frequencies of 9.3 GHz, 24 GHz, 69.8 GHz and 136.4 GHz as
pure liquids. Their results could be represented by the
Cole-Davidson Skewed-arc plot of dielectrié loss against
dielectric constant. The mean relaxétion time increased
with the increase of chain length. An analysis of the

data in terms of two superimposed, non—interacting Debye



type absorptions .was successful ;n representing the data

by a Cole-Davidson type distribution function. vThe 1onger
relaxation times, Ti1, were found to increase with the
increase in molecular size and were attributed to overall
molecular rotation. The increase in the shorter relaxation
times, T2, with increased molecular size is not significant
and 1is ascribed to rotational orientation of the two
CHZBr groups in each molecule,

Chandra and Prakash (4) reported the dielectric
absorption studies on 1,3-, 1,4-, 1,5~, and 1,6-dibromoalkane
at frequencies 1.8 mHz, 2 GHz, 4 GHz, 22 GHz and 37 GHz
and at 303 K, 313'K)323 K and 333 K as pure liquids. Their
results could be equally well represented in terms of
(i) the Cole-Davidson representation as a result of intra-
molecular co-operative relaxation and (ii) superposition
of the two non-interacting Debye type absoptiéns. The
longer relaxation time, Ti, increases with chain length
which suggests that this corresponds to end-over-end
rotation of the molecule as a whole. The shorter relaxa-
tion time, T2, is found to be independent of the chain
length within the experimental uncertainties and ascribed

to terminal —CHZBr group rotation about the C-C bond.
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It seemed worthwhile to carry out a systematic
dielectric study of the variation of position of the dipole
along the hydrocarbon chain in a polystyrene matrix with
a.viqato separating the int?amolecular processes ffom the
molecular one and characterize by means of its Eyring
parameters. Such a separation has been attained in 1-
bromoalkanes where the low and high temperature absorp-
tions have been interpreted as segmental reorientation’
involving the movement of the —CHzBr group whose size
increases as n increase$ and molecular rotation respectively. It was
thought that the variation of the loéation of the dipole
along the hydrocafbon chain and the introduction of a second
dipole at the end of the chain might produce some altera-
tion in the dielectric behaviour which would facilitate
the understanding of the mechanism of dielectric relaxation in

long chain bromides.
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EX?ERIMENTAL RESULTS

The following molecules have been included in

the present study.

Number Molecule
1 2-Bromooctane
2 3-Bromooctane
3 4-Bromooctane
4 1-Bromopentane
5 3-Bromopentane
6 . 4~Bromoheptane
7 l1,6~-Dibromohexane
8 1,10-Dibromodecane

All of the compounds were obtained commercially.
All of the compounds were measured as polystyrene matrices
except 4-bromooctane and 4-bromoheptane which have been
studied also in a polypropylene matrix. ' Tables VI-1 to VI—7>
list the relaxation and Eyring parameters, extrapolated
dipole moment, loss factors and Fuoss-Kirkwood parameters
for all of the systems. Figures VI-1 to VI-17 show

1

the dielectric loss factor, €" versus temperature plots,
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N=

plots of relaxation time versus location of the bromine

atom along the n-octane chain, absorption curves and the

Cole-Cole plots for some of the systems studied here}

The following symbols are employed:

AT (K)

Aloglovm

B-range

AGE

AHE

ASE

Hs(330 K)

o
m{(330 K)

Ueff

u1it

Temperature range in absolute scale
1 Y
°g1oVYy ransee

Range of variation in the Fuoss—-Kirkwood
distribution parameter, R

Eyring free energy

Eyring enthalpy of activation

"Eyring entropy of activation

Extrapolated dipole moment at 330 K for low
temperature absorption

Extrapolated dipole moment at 330 K for high
temperature absorption

Effective dipolg moment calculated from
= 2 2 )
Heff (Um +Us )

Literature value of dipole moment usually
for a benzene solution at 298 K
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DISCUSSION

1, 2, 3 and 4-Bromooctanes

From the Figure VI-1 it is seen that when the
dielectric loss, ", is plotted against temperatufe at
a fixed frequency, two abéogption peaks appear. The absorp-—
tion peaks that appeared in the temperature range 80 -
160 K and 1801— 250 K are termed as the low and high

‘temperature absorption processes, respectively. It is

interesting to note that the low temperature absorption

"
peaks [¢ (max)L

] shift to the higher temperature region
h ' t i i e g"”

whereas the high temperature absorption peaks [ (max)H]
shift to the low temperature region as the bromine atom

is moved from terminal carbon atom to a higher carbon

number along the n-octane chain,

Figure VI-2 shows that the relaxation time
TlOO X for the low temperature absorption lengthens as
the bromide atom is moved from the terminal carbon étom
to higher carbon numbers along the n-octane chain. But
the situation is different for the high temperature

absorption. The relaxation time T200 K decreases as

the bromine atom is moved along the n-octane chain,
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The Fuoss-Kirkwood distribution parameters,
B, for low temperature absorption, lie in the range 0.17—0431
(see Tablg VI-1) at 98-161 K. The ﬁalf—width, AT%, for
low temperature absorption, is very similar and lies in
the range 40-50 K. Such high B-values and short half width
suggest“that the low temperature absorption is an intra-‘
molecular process (see Chapter V). This 1s borne out
by the fact that flexible aromatic molecules undergo intra-
molecular rotation with typicalKB—values 0.17-0.34 at
85-157 K- (5).

It has been established‘for l-bromoalkanes
(Chapter V ) that the low teméerature absorption may be
attributed tb Segmental rotation involving movement of the CHzBr group.
The enthalpy of activation, AHE, increases in the order
18.7, 22.5, 24.9 and 25.9 kJ mol " when the bromine atom
is moved from C-1 to C-2 to C~3 to C-4, The probable
reasons for the increase of relaxation time, T100 K’ and
enthalpy of activation, AHE are that (a) the size of the
smallest reorientating unit responsible for low temperature
absorption increases as the bromine atom is moved aiong the
n—éctane chain and (b) the steric effects increase when
the bromine atom is moved from the end of the n-octane chain.
With respect to (b), it is noticeable how the largest in-

crease 1n AHE between consecutive members occurs between
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1- and 2-bromooctane in this series (see Table VI-1),.

In l-bromoalkanes, the high temperature absorp-
tion has been attributed to molecular rotation. - The
relaxation time, T, at 200 K for the high temperatufe
process decreases (though small in magniﬁude) as the
bromine atom is moved aloﬁg the n—octane:chaid. We have
already established that .the T value'increases with the
increase in chain length of l-bromoalkanes for the
moleculér-rotation-(Chapter V). It was advanced by
Khwaja and Walker (6) for the relaxation of rigid molecules
in a polystyrene matrix that the relaxation ;ime'increases
linearly with the increase of volume swept dut on molecular
rotation. Thus 1t 1is reaéonable.to assuﬁe that the
volume swept out on molecular reorientation decreases as
the bromine atom is moved along the. n-octane chain. In 4-
bromooctaﬁe in a polystyréﬁe matrix, though the high
temperature absorption peak has been detected in the &g"
versus‘T plot (Figure VI—Qloss maxima have not been resolved.
in the ¢€" versus logVv plot (Figufévl%ﬁ, The probable
explanation 1is that the high temperaturé process ovgrlapped
with the low temperature absorption process. It follows
from:

T = (h/kT) eAG/RT
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that when two processes possess Similar free energy of
activation, AG%, then the absorption curves will overlap.

In fact, the ext;apolated dipole moment, 1.5 D at 330 K

for the low temperature absorption of 4-bromooctane (see
Table VI-6 does. not correspond with the literature value,

1.99 D suggesting anotﬁer absorptién in the high tem?eratufe
region. To investigate tﬁe probable overlap of the two
pfocesses further, 4-bromooctane has also been investigated
in a polypropylene matrix. The absorptibn curves are

shqwn in Figure VI-4 and VI-17. 1In this case the intramolecular
process has been completely separated from the molechar
qne;. The enthalpy of activation, AHE, for the low tempera—
vturexabs¢fption of 4-bromooctane in a polystyrene matrix

is 24.9 kJ mol“1 which is in good agreement wifh 26.1 kJ

mol 1 in a pplypropyiene matrix. The ueff obtained from

the relation, = (u?m+uzs)%, (see Chapter V for details)

Hefs
for 4-bromoctane in a polypropylene matrix is 1.95 D

which is in excellent agreement with the literature value,

1.99 D.

1-Bromoheptane and 4-bromoheptane / l-bromopentane and
3-bromopentane '

Two compounds, 3-bromopentane and 4-bromoheptane,
in which the dipole is located at the centre of the chain,

have been studied in a polystyrene matrix to investigate
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thoroughly the effect of location of the dipole on the
relaxation parameters. The absorption curves are given

in Figures VI-5 and -6. The figures show that when

the bromine atom is at the terminal carbon atom, the
intramolecular processes are well separated from the
molecular one but when the dipole is located at the centre
of the chain, the contribution of high temperature ébsorp—
tion to the total absorption significantly decreases. For
both 3-bromopentane and 4-bromoheptane, a single absorption
process has been studied and thg loss maximum has not been
resolved in the €' versus logv plot for the high temperature
absorptiop of each of the molecules. The asymmetric loss
curves for 3-bromopentane (Figure VIfS) and 4-bromoheptane
(Figure=8) indicate that the low and high temperature
processes merged. This is borme out by the fact that the
extrapolated dipole momenﬁs, 0.85 and 1.52 D at 330 K for
the single absorption process of 3-bromopentane and &-
bromoheptane in a polystyrene matrix, do not agree with

the literature values, 2.09 and 2.02 D, respectively, 4=
Bromoheptane has also been inQestigated in a polypropylene
matrix, In this case the intramolecular process has

been separated from the molecular one (Figure VI-9) and

the Mosg value, 1.99 D for 4-bromoheptane in a polypropylene
matrix is in reasonable agreement with the literature

value, 2.02'D (see Table VI-6).
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The'AHE value for the molecular ro&ation of 1-
bromoheptane (AHE = 35;4,kJ mol_l) in a polystyrene matrix
is very close to that of A—bromoheptaneﬂ(AHE = 33.5 kJ mol—l)
in a polypropylene matrix. This fact strongly supports the
view that when the dipole moves away from the terminal carbon
atom, the volume swept out on molecular reorientation becomes
less and this 1is 1eastAwheh the bromine atom i1is located

at the centre of the chain.

On closer examination of the loss factors presented

in Table VI-5 several striking and interesting points can

be made. First, the location of the dipole away'from'the
n-octane chain end has negligible influence on the contri-
bﬁtion of intramolecular and molecular processes to the

total absorption and the contribution of the two processes

to the total absorption is almost similar. The second point

to be made is that the contribution of molecular rotation

to the total absorption decreases significantly when the

dipole is located at the centre of the chain.

Thus, our results show that the intramolecular
prdcess in 1, 2, and 3-bromooctanes, l-bromopentane and
l-bromoheptane has been separated from the holecular one,
4-Bromooctane and 4-bromoheptane give clear separation

of an intramolecular process from the molecular one in a polypropylene
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matrix., Earlier investigations (1) could neither account for the increase
of relaxation time for -the low temperature absorption nor

for the decrease of relaxation time for the high temperé—

ture absorption when the bromine atom is moved élong the n-octane

chain.

o,w—Dibromoalkanes

l1-6-Dibromohexane and 1,10-dibromodecane
‘have also been studied in a polystyrene matrix to investi-
gate the mechanism of dipole reorientation where the two

dipoles are located at the terminal carbon atoms.

The absorption curves are shown in Figure VI-10
and Figure VI -11l. The Cole-Cole plots for the low and
high temperature absorption of l,6-dibromohexane are given
thignes\HHIZand-ﬂﬁ. the Cole-Cole plots being adequately

represented by the depressed centre semicircular arc.

The AHE vaiue ana relaxation time‘for the low
temperature absorption of 1,6-dibromohexane are 21.4 kJ mol__1
and 3.6x10m4 s at 100 K, respectively.. This AHE value 1is
slightly greater, and the relaxation time at 100 K slightly

longer than that of l-bromohexane. An examination of Table

VIi-5 will reveal that the maximum loss factors for the
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high temperature absérption of 3-bromooctane and 1,6-di-
bromohexane in a ﬁolystyrene matrix is £he same Qhereas
the loss factor in 1,6-dibromohexane for the low temperature
absorption approximately doubles the éne in 3-bromooctane.
Thig is due to the fact that when the numBer of —CHzBr groups
is doubled, then the absprption'doubles. In 1—bromo-
glkanes the low temperature absorptibn has been attributed
to the segmental rotation involving.the movement of the
—CHZBf group. -

Thu% it is reasonable to attribute low'temperatqre
absorption of 1,6-dibromohexane to rotational orientation
of both énds’invblving the movement of —CH2Br groups. The
AHE values for the high temperature absorption of 1,6-
dibromohexane is 32.1 kJ'mol-l which is in excellent agreement
with 31.5 kJ mol;l for the high tempefaﬁure absorption of
1-bromohexane. This bears éut that we are dealing with a

molecular process of the same size in each of the two cases.

Table VI-5 shows that in 1,10-dibromodecane,.
the Enmax of the intramolecular absorption approximately
doubles the one for l-bromodecane in a polystyrene matrix.

The relaxation times at 150 K and AH_ for 1,10-dibromo-

E

decane are 1'.2x10—6 s and 22,0 kJ mol_l, respectively, This

relaxation time is 10 times longer and the AH_ value 1is

E
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slightly higher than that of l-bromodecane. Thus, the low
temperature absorption in 1,10-dibromodecane may be attributed
to rotational reorientation of both ends involving the move-

Br groups.

ment of the —CH2

Altogether, the present work for the a,w-dibromo-
alkanes in a viscous media bears out what was previously
inferred by Garg et al (3) and Chandra et al (4) for the
dielectric absorption of a,w-dibromoalkanes as pure liquids.
The conclusions differ, however, in that the low temperature
absorption is a segmental reorientation involving
rotation about the C—C.bond and consequent movement of
—CHzBr group and the size is not limited to -CHZBr, also the
relaxation time increases significantly with fhe increase of
chainrlength while the plot of dielectric loss against di-
electric permittivities does not show any asymmetry in either

of the processes.

Our results are in disagreement with Crossley
et al (1) who concluded that the dielectric relaxation in

1,10-dibromodecane is dominated by —CHzBr group rotation.

Our findings are not in agreement with Anderson
et al (2) who concluded that the dipole reorientation in

¢,w-dibromoalkanes is dominated by whole molecule rotation



182

and there was no indication of a second relaxation process.
In the glassy @edia, however, the intramolecular process
has been. completely separated from the molecular one and
characterized by means of its Eyring parameters whefeas

thé work in the microwave region has led to mean relaxa-
tion times resulting from the overlap of molecular and

intramolecular processes,.
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CONCLUSION

In most of the bromoalkanes studied the
intramolecular process has been completely separated from
the molécular ones in a polystyrene matrix. Poly-
propyleﬁe matrix seemed to be an effective medium for the
sepafation of the intramolecular process from the mdlecular

one in the case where the dipole is located near the centre

of the chain.

The dielectric behaviour can be summarized

as follows:

(1) The increase of relaxation time for the low temperature
absorptiqn_when the bromine atom is moved along the n-octane
chain could be attributed to (a) the increase in the size

of the reorientating unit and (b) the steric effects.

(2) The decrease in volume swept out on molecular rotation
accounts for the'decreaée in relaxation time at 200 X for
the high temperature absorption when the bromine atom 1is

moved along the n-octane chain.

(3) The results of a,w-dibromoalkanes bear out that (i)

we are dealing with a molecular and intramolecular process,
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(ii) both ends of the chain rotate involving —CHZBr
groups, (iii) the o,w-dibromoalkanes and l-bromoalkanes

for a given total number of carbon atoms sweep out similar

volumes and have identical AHg values and (iv) molecules with

two fCHZBr groups have approximately double the enmax

for the intramolecular absorption.
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TABLE VI-1:

Molecule

1-bromooctane
2—bromoocténe
3-bromooctane
4~bromooctane

4-bromooctane

Eyring parameters for the low temperature absorption of bromooctanes

AT Meduim
(°K)

98-124 P.S
108~130 P.S
122-152 P.S
127-161 P.S

122-142 P.P.

© range

.25-0.31
.17-0.21
.18-0.30
.20-0.27

.23-0.30

Relaxation

Times

S0 (L\J mOl-l)

T(s) E
100 X 150 100 K 150 K
: -3 -7
1.68x10 6.23x10 18.3 18.1
2.48x107° 1.99x10™° 20.5 19.5
0 : ~5
1.25x10° 3.76x10 23.8 23.2
0 -5
3.68x10 7.04x10 24.7 24.0
8.22x107" 2.52x107° 23,4 22.8

“HE

kJ molﬂ1

18.7£1.3
22.5$2.5
25,0112
26.141.1

24.9%1.5

4%12

20422

1249

1448

15211

981



TABLE VI-2:

Molecule

l-bromooctane

2-bromooctane

3~-bromooctane

4-bromooctane

Eyring parameters for the high temperature absorption of bromooctanes

AT -Meduim
(°K)
205-249  P.S
199-238 .S,
192-216  P.S.
185-213  P.P.

v

I range

0.18-0.16
0.14-0.16
0.12-0.16

0.18-0.27

Artaxation Tinmes AcF (kJ mol—l)
T(s) i
200 K 200 K
-3
5.02x10 39.5
3.56x10 2 38.9
1.01x107° 36.9
-5
7.89x10 32.6

B s,

xJ mol K70 mol *
39.3+3.3 =214
41.5+2.3  13:11
33.5%3.4  ~17%17
42.243.6  48t18

L8l



TABLE VI-3:

Molecule

1-bromoheptane
1-bromoheptane
4-bromoheptane
4-bromoheptane
4-bromoheptane
1-bromopentane
3-bromopentane

l-bromopentane

Eyring activation parameters for some bromopentanes and bromoheptanes in a polystyrenme matrix

AT(°K)

96-116

1869-213

125-153
119-138
217-238

95-106

. 122-139

142-162

Medium g8-range

P.S. 0.22-0.27
Pfé. 0.15-0.20
P.S 0.,22-0.25
p.P, 0.25-0.29
P.P. 0.15-0.22
P.S 0.18-0.26
P.s. 0.27-0.32
P.S 0.11-0.15

Relaxation Time t(s) 56 (k3 mo1” 1ty L, asy
100 K 150 K 200 100 Kk 150 g 2008 5 a1l 5 k7! mer”
1.10x107° 2.83x107/ 17.9  17.1 19.641.4 17413
6.05%10™" 36.0 35.442.8 -3+7
2.42x10°  5.38x107° 26,3 23.6 25.720.9 1447
1.15¢107"  2.45x107° 21.8  22.6 - 20.120.7 -17%5
1.41x1072 41,2 33.513.8 39217
7.17x107%  7.28x1077 17,7 18.3 16.241.6 ~14116
6.25:10"0 1.14x107 22,9 217 25.3:1.7 24513
8.50x10°  4.38x107% 254 26.2 23.6+41.8 1812

881



TABLE VI:4

Comparison of Eyring activation parameters for l-bromoalkanes and a,w-dibromoalkanes in a polystyrne matrix

Molecule Medium

AT(°K) g-range - R - g
. g Relaxarion Time r(s) JGE (kJ. mol 1) AHE as.,
100 K 150 K 200 x - : , . - -~ i
_ X 100 K ISO-K 200K g nol 1 1K 1 mol 1
l,6-dibr0m0hexane 104-107 0.25-0.32 9.69:{10_3 1.2_3x10_6 19.7 18.9 21.4%0.6 _1615
. —? '

1,6-dibromohexane =~ 223-244 0.10-0.16 1.53x10 ~ 42,5 32.1%4.6 -46%20
1-bromohexane 95-117 0.18-0.23 3.66x10_4 '1.00x10_7 17.0 15.8 19.5£1.0 24th
1-bromohexane 168-204 0.16~0.17 6.60x10™° 32.3 31.5+2.0 -4211
1,10-dibromo- -1 6
decane 113-138 0.24-0.32 1.18x10 4.33x10 21.8 20.1 24.5+0.4 2743
1,10-dibromo- . -1 .
decane 244-268 0.20~0.24 3.16x10 46.4 46.4+3.8 015
1-bromo- -2 -6
decane 106-130 0.26-0.32 1.15x10 1.13x10 18.8- 17.7 22.0+0.6 2115
L-bromo- 220-260 0.16-0.19 4.14x107% 43.0 46.9%4.5 19#19
decane J

681



TABLE VI-5:Maximum loss factors for some molecules in polystyrene and

polypropylene at 50.2 Hz

1

"

" Molecule E'maX(L) € max (H)
1;broméoctane 7.9x10—3‘. 1]..0}(10_3
2-bromooctane 12.0x107° 11.0x10>
3-bromooctane lO.OxlO“3 7.Ox]_0—3
4=bromooctane 8.0x107> 9.2x107>
4=bromooctane (PP) 1.8x10_3 1.3x107°
l-bromoheptane 10.0x10_3 15.2x10._3
4-bromoheptane 10.0x107> 5.1x107°
l-bromopentane 7.9x10 3 8.0x10>
3-bromopentane 15.0x10 > 1.3x10°
l-bromohexane 6.3x10-3 8.9}{10_3
1,6-dibromohexane 21.0x107° 7.0x10">
1-bromodecane 12.9x10—3 10.5x10—3
1,10-dibromodecane '20.Ox10-_3 S.OxlO_3

190



TABLE ¥I-6: Mg and M_oare extrapolated dipole moments
2 2.1

at 330 K and Mogs from ueff-(ps +pm )
Molecule Hs 330 @) Mm 330 @) Merr @  Miit. @)
1-bromooctane 1.25 1.46 1.92 1.99
2-bromooctane 1.31 1.29 1.84
3-bromooctane 1.5.2 1.12 1.89
4=-bromooctane 1.52 - -
4-bromooctane (PP) 1.40 1.39 1.97
l-bromopentane 1.31 1.41 1.92 ~ 2.09
3-bromopentane 0.85 = -
1fbromoheptane 1.18 1.59 1.92 2.02
4-bromoheptane 1.55 - -
4-bromoheptane (PP) 1.29 1.39 1.90 2.06
l,6—d1bromoh¢xane 1.90 1.43 2.38 2.40
1,10-dibromodecane 2.10 1.44 2.55 2.62

191



TABLE VI-7:

192

Fuoss=-Kirkwood parameters, €_ and U at various
temperatures for some bromoalkanes in a polystyrene

and polypropylene matrix

3

6 1]
T (K) 107t (s) log\)max R 107e max € ‘U (D)
0.44 M 2-Bromooctane (lower temperature process)
108.6 2233.42 1.85 0.18 10.9 2.834 0.76
110.0 1798.02 1.95 0.18 11.1 2.833 0.78
115.6 619.12 2.40. 0.18 11.7 2.826 0.84
118.6 366.70 2.64 0.17 12.0 2.821 0.88
122.4 148.45 3.03 0.17 12.5 2.816 0.91
125.5 78.12 3.31 0.17 12.7 2.814 0.92
129.4 33.32 3.68 0.20 13.2 2.820 0.88
0.44 M 2-Bromooctane (higher temperature process)
199,.7 4089.40 1.60 0.14 11.2 '2.941 1.18°
201.4 2527.06 1.80 0.15 11.2 2.944 1.14
204.1 1917.73 1.92 0.16 11.2 2.946 1.13
207.7 1327.63 2.08 0.16 11.3 2.953 1.14
213.2 731.66 2.34 0.16 11.3 2,941 1.16
218.3 418.14 2.58 0.16 11.3 2.943 1.17
223.6 268.53 2.77 0.16 11.2 2.941 1.19
228.4 141.82 3.05 0.15 11.1 2.934 1.24
234 .4 75.05 3.33 0.14 11.1 2.963 1.27
238.0 44 .87 3.55 0.14 11,1 2.926 1.30
0.56 M 3-Bromooctane (lower temperature process)
122.2 4979.73- 1.51 0.19 11.80 2.844 0.75
124.0 2328.71 1.83 0.21 12.02 2.858 0.73
128.4 1211.10 2.12 0.23 12.32 2.844 0.71
131.4 687.21 2.36 0.24 12,52 2.814 0.70
133.0 409,83 2.59 0.26 12,17 2.851 0.68
136.7 257.05 2.79 0.28 13.00 2.849 0.68
139.5 178.77 2.95 0.29 13.16 2.832 0.68
144.6 86.49 3.26 0.29 13.48 2.848 0.70
147.7 51.53 3.49 0.29 13.82 2.846 0.71
151.3 32.57 3.69 0.29 14.08 2.843 0.74



TABLE VI-7: continued...
T (K) 1081 (s) logv 3 103e"
max - max
0.56 3-Bromooctane (lower temperature process)
122.2 4979.73 1.51 0.19 11.80
124.0 2328.71 1.83 0.21 12.02
128.4 1211,10 2,12 0.23 12.32
131.4 687,21 2.36 0.24 12.52
133.0 409,83 2,59 0.26 12.17
136.7 257.05 2,79 0.28 13.00
139.5" 178.77 2.95 0.29 13.16
144.6 86.49 3.26 0.29 13.48
147.7 51.53 3.49 0.29 13.82
151.3 32.57 3.69 0.29 14.08
0.56 M 3-Bromooctane (higher temperature process)
192.6 2379.30 1.82 0.14 8.76
194.,9 1651.10 1.98 0.15 8.78
196.9 1477.81 2.03 0.15 8§.82
199.8 1147.01 2.14 0.15 8.82
202.6 769.41 2.32 0.15 8.82
205.3 520.83 2.48 0.15 8.84
208.8 376.61 2.63 0.15 8.85
211.9 297 .84 2.73 0.16 8.86
216.0 240.23 2.82 0.16" 8.82
0.36 M 4-Bromooctane in Polystyrene
128.0 '2875.38 1.74 0.24 9.4
129.4 2106.92 1.88 0.27 9.6
132.0 1290.79 2.09 0.23 10.0
136.4 659.91 2.38 0.24 10.4
140.4 325.36 2.69 0.25 11.0
144.1 193.76 2.91 0.24 11.3
147 .4 118.03 3.13 0.23 11.8
150.0 62.89 3.40 0.25 12.3
154..5 35.52 3.65 0.25 12.8
159.,3 3.95 0.23 13.4

-17.74

<o

2.844
2.858
2.844
2.814
2.851
2.849
2.832
2.848
2.846

2,843

2.891

'2.893
2.800

2.891
2.880
2.890

.2.890

2.889
2.891

3.045
3.047
3.039
3.03

3.037
3.038
3.027
3.026
3.025

3.019

193

u (D)

0.75
0.73
0.71
0.70
0.68
0.68
0.68
0.70
0.71
0.74

0.93
0.88
0.91
0.91

0.93
0.93
0.93
0.92
0.93

0.73
0.70
0.77
0.78
0.81
0.85
0.89
0.89
0.91
1.00
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3

107¢"

max

€

o

194

u (D)

0.22 M 4-Bromooctane in polypropylene (lower temperature process)

122.1 3144.72 '1.70 0.23 1.7 2,311 0.46
123.0 2012.18 1.90 0.23 1.8 2.309 0.48
'127.0 1018.75 2,19 0.25 1.8 2,311 0.47
129.3 667.92 2.38 0.27 1.9 2.310 0.47
132.6 379.04 2.62 0.28 1.9 2.310 0.46
136.,0 241,94 2.81 0.29 1.9 2.310 0.45
138.0 140.62 3.05 0.29 2.0 2.309 0.48
142.,2 81.26 3.29 0.29 2.0 2.308 0.49
0.22 4-Bromooctane in polypropylene (higher temperature process)
185.5 717.85 2.34 0.21 1.61 2,309 0.58
189.1 316.07 2.70 0.26 1.60 2.388 0.53
193.5 178.79 2.94 0.23 1.59 2,309 0.57
199.2 81.15 3.29 0.21 1.59 2.307 0.60
204,3 42,97 3.56 0.19 1.58 2.306 0.63
208.3 29.09 3.74 0.19 1.57 2.306 0.64
212.3 17.55 3.96 0.18 1.57 2.305 0.66
0.54 M 1-Bromopentane (lower temperature process)

95.3 1821.81 1.94 0.20 9..7 2.764 0.60

96.4 1467.34 2,03 0,20 9.9 2,762 0.62

97.5 1292.77 2.009 0.23 10.9 2.767 0.60
100.0 712.57 2.54 0.18 10.3 2.749 0.67
102.7 428.18 2.57 0.18 " 10.6 2.757 0.69
106.0 215,06 2.87 0.19 10.8 2.791 0.69
0.54 M 1-Bromopentane(higher temperature process)

142,7 1225.64 2.11 0.14 13.6 2,776 1.02
143.6 1054.31 2.18 0.11 13.8 2.75 1.16
147 .4 622,07 2.41 0.13 14,0 2.761 1.12
150.7 390.86 2.61 0.14 14,2 2.766 1.10
151.0 301.77 2,72 0.14 14,4 2.766 1.10
155.4 229.01 2,84 0.14 14.5 2.766 1.12
161.2 109.76 3.16 0.13 14,7 2,752 1.15



TABLE VI-7:
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3

195

6

T(K 10 T AV, "

) (s) logV .« B lo07e" . €, 1 (D)
0.34 M 3-Bromopentane (lower temperature process)
122.0 1387.80 2.06 0.24 15.84 2,733 1.01
124,7 843.57 2.28 0.26 15.89 2.740 0.97
127.5 480,39 2,52 0.31 16.00 2.747 0.91
129.5 329.88 2.68 0.32 15.87 2.748 0.90
132.2 215.86 2.87 0.36 16.05 2.754 0.86
135.0 111.14 3.16 0.35 16.05 2.641 0.90
138.2 67.67 3.37 0.37 16.02 2,748 0.87
0,21 M 4~Bromoheptane in polypropylene (lower temperature process)
119.5 1854 .43 1.93 0.25 4.9 2.471 0.74
122.2 1106.68 2.16 0.27 5.0 4.475 0.73
125.0 755.72 2.32 0.27 5.1 2.468 0.74
127.6 474,67 2.53 0.29 5.3 2.461 0.74
130.4 314.88 2.70 0.29 5.3 2.463 0.75
133.1 212,47 2.87 0.29 5.4 2.461 0.76
137.1 118.51 3.13 0.28 5.5 2.457 0.79
0.21 M 4-Bromoheptane in polypropylene (higher temperature process)
287.4 2866 .30 1.75 0.21 2.8 2.459 0.82
219.7 1983.91 1.90 0.18 2.6 2.457 0.86
223.0 1443.40 2.04 0.18 2.6 2.560 0.87
226 .4 1200.71 2.12 0.18 2.6 2.455 0.88 .
232.0 689.62 2.36 0.17 2.6 2.452 0.91
235.5 580.16 2.44 0.17 2.6 2.451 0.92
238.0 454,77 2.54 0.14 2.5 2.446 . 1.00



TABLE VI-7:

continued.,..

6 3 "
T (K) | 1071 (s) log\)max 8 107€ e €
0.21 M 4-Bromoheptane (lower temperature process)
125.6 3680.95 1.63 0.22 8.6 2.868
'128.2 1819.57 1.94 0.24 8.9 2.570
131.5 1088.60 2.16 0.24 9.1 2.869
134.4 681.70 2.38 0.25 9.3 2.868
138.4 341,49 2,67 0.24 9.5 2.865
140.0 212.41 2.87 0.24. 9.7 2.864
144.5 122,02 3.11 0.24 9.9 2.861
148.6 68.49 3.37 0.24 10.1 2.858
152.7 33.61 3.67 0.22 10.4 2.852
0.51 M 1,6-dibromohexane (lower temperature process)
104.5 2859.90 1.75 0.25 19.9 2.915
106.7 1728.23 1.96 0.25 20.4 2,910
109.1 1077.43 2.17 0.25 20.8 2.912
113.1. 433.96 2,56 0.26 21.5 2,910
117.0 211.32 2.88 1 0.27 22.1 2.908
120.3 99.51 3.20 0.28 22.5 2.907
123.6 55.40 3.46 0.30 23.1 2.910
127.6 28.71 3.75 0.31 23.6 2.909
0.51 M 1,6-dibromohexane (higher temperature process)
223.3 1793.49 1.95 0.16 7.1 3.041
225.0 1527.84 2.02 0.15 7.2 3.039
229.3 1281.00 2.12 0.16 7.2 3.040
232.2 925.49 2.23 0.14 7.2 3.033
243.8 381.71 2.62 0.12 7.1 3.023
0.39 M 1,10-dibromodecane (lower temperature process)
113.0 3588.14 1.65 0.25 19.6 2.847
114.6 2267.66 1.85 0.26 20.0 2.844
117.6 1243.95 2.11 0.26 20.6 2,847
121.0 487.08 2.51 0.27 21.3 2.844
125.7 235.07 2.83 0.28 21.7 2.844
129.2 113.25 3.15 0.29 22.3 2.849
133.2 56.28 3.45 0.35 22.9 2.859
137.3 28.51 3.75 0.32 23.5 2.926

196

u (D)

0.98
0.96
0.98
0.99
1.02
1.05
1.08
1.11
1.18

0.80
0.81
0.82
0.86
0.86
0.87
0.86
0.87

0.86
0.90
0.88
0.94
1.04

0.95
0.95
0.97
1.00
1.01
1.01
0.96
0.99
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3

v .
log max B 107 o

0.39 M 1,10-dibromodecane (higher temperature process)

244.,0 1503.61 2.02 0.20 12.9 3.037
250.0 859.61 2.27 0.21 13.3 2.985
256.0 536.39 2.47 0.22 13.3 2.984
262.0 293.21 2.75 0.22 13.7 2.982
268.0 180.28 2.95 0.25 14.0 2.894

197

u (D)

1.22
1.23

1.24

1.24
1.21
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FIGURE VI~1: Dielectric loss factor, €" versus temperature (¥) at 50.2 Hz in a polystyrene matrix
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