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ABSTRACT

Dielectric absorption studies of a variety
of polar solutes containing rotatable groups and of
some analogous rigid molecules dispersed in (i) an
atactic polystyrene matrix, (ii) glassy o-terphenyl
and polyphenyl ether have been carried out. Sample
preparations and the dielectric measurements using
General Radio 1615-A and 1621 capacitance bridges with
appropriate temperature-controllable cells have been
described. The glass transition temperature measurements
using the Glass Transition Temperature Measurement
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 programmes
written in APL language. The activation energy barriers
opposing the dielectric relaxation processes were obtained

by the application of the Eyring rate equation.

Different types of polar rigid molecules have
been studied mainly to provide sources of relaxation data
and activation parameters in the three media for comparison

with those of flexible molecules of analogous size.
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The results of these rigid molecules have been used

to obtain a correlation between enthalpy and entropy of
activation; enthalpy of activation and volume needed

for the reorientation of the rigid molecules. The
activation parameters for the rigid molecules were found

to depend on the nature of the solvent.

Of the flexible molecules, a variety of
anisoles and acetophenones have been studied in the
three media. Intramolecular processes invoiving the
rotations of the methoxy and acetyl groups have been
observed with enthalpies of V8 kJ mol_l and V30 kJ mol_l

respectively.

A wide variety of aliphatic esters, R1C*00R2’
has been examined in the three media and the rotation of
groups around the central C-C* and/or C*-0 bond was found.
The barrier to rotation about the central C-C* bond in
simple cases was found to be significantly lower (about
6-10 kJ mol_lin the absence of conjugative effect) than
that about the C*-0 bond (v22 *2 kJ mol--l for methoxy

group rotation in methyl chloroformate).



iii

Rotation of the ester group has also
been examined in a number of aromatic and some related
esters. The intramolecular processes involving the
rotatidn of both the ester group around the C-C* bond
and the alkoxy group around the C*-0 bond have been ob-
served. The enthalpy of activation for methoxy group
rotation around the C*—b bond in methyl salicylate is
found to be 21 and 24 kJ mol-1 in the pure compressed

solid and polyphenyl ether, respectively.

In all the systems, the activation para-
meters for intramolecular motions were found to be
independent of the media within the limits of

.experimental error.
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CHAPTER 1

I NTRODUCTTION



I. INTRODUCTION

The use of dielectrié methods to study the
composition of the materials and the structure of
thelr constituent molecules has a long history and numerous
experiments have been carried out since its inception as
a useful technique. The rotary movements of molecules are
studied through i.r. and Raman spectroscopy as well as
by direct dielectric and magnetic-resonance measurements
(1-3). Of these, the. dielectric absorption technique
has Been the subject of considerable interest in dealing
with a wide variety of problems: studies of (i) the
properties and uses of commercial dielectric materials,
and (ii) the structure and molecular forces in different
types of systems. After the successful application of
the technique to determine the dipole moment and other
molecular parameters for simple solids and liquids
attention was turned to study the molecular and/or intra-
molecular motions of numerous molecules containing rotatable

polar groups.

Earlier investigations at microwave frequencies

have provided an effective means of studying molecular



structure in liquids and solutions (4,5). Aromatic
molecules containing rotatable polar groups have been
studied extensively by the dielectric absorption
technique (6). Information about the dielectric properties
of agricultural materials (7,8) as well as systems of
biological interest (9,10) have also been the subject of
applied studies in this area. Considerable information
has also been obtained from dielectric relaxation studies
of polymers and their aquous solutions (11). Dielectric
measurements (12) have provided a sensitive means of
investigating the properties and uses of commercial

dielectric materials in the solid phase.

Because of the recent progress 1in the
development of stable sources and sensitive methods of
detection, together with the use of computers for the
analysis of experimental data, it is now possible to
obtain accurate values of relaxation parameters for certain

types of molecular and/or intramolecular motions.

The dielectric absorption of dipolar molecules,
which contain a rotatable polar group may contain con-

tributions from whole molecule and intramolecular group



reorientations (6). In the vast majority of cases,
however, the dielectric absorption of the flexible group
and the molecule itself are nearly always overlapped
(13) so that it is difficult to obtain reliable results
for the energy barriers associated with the relaxations.
Group relaxation times, obtained from Buddo-type analyses
of the loss data, and the activation enthalpies for
internal rotatioﬁ generally contain appreciable errors.
Dielectric studies of a wide variety of polar solutes
dispersed in non-polar solvents of varying viscosities
have indicated that the molecular relaxation times are
more sensitive to the wviscosity of the medium than the
group relaxation times. Consequently, attempts have
been made to separate the two processes by increasing

the solvent viscosity.

In recent years, the dielectric absorption
studies of polar solutes dispersed in a polymer matrix
such as in polystyrene have received considerable
attention in the literature. This method has proved its
success for determining the accurate intramolecular emnergy
barriers (14,15) which can also be obtained with the other

relaxation techniques (15). One of the great advantages



of the polymer-matrix technique :is that for a system

with a flexible polar molecule, where both the molecular
and intramolecular processes overlap, the relaxation

time for the former can be increased to such an extent
that either it may be considerably slowed down or may
even be eliminated owing to the highly viscous surround-
ing medium, so that 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 the overiap of the different
types of processes which for their separation require

a Budo analyses which in a number of cases, is now known
to be unsatisfactory (13). Moreover, the frequency

and temperature 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, i.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 determining the activation



parameters, comparable to those determined by other

direct relaxation methods.

Polystyrene is one of the most extensively
used solvents by polymer-matrix technique. It has
very little dielectric loss of its own (less than
lxlO-3 over the frequency range 100 Hz to 1 GHz) below
its glass transition temperature and thus, its dielectric
interference with the dispersed solute is negligible.
And it is now well established that dielectric studies
of solutes dispersed in a polystyrene matrix are
especially suited to group relaxation studies and may
lead to the accurate determination of intramolecular
energy barriers, since this process can sometimes be
separated from the molecular relaxation owing to the high

viscosity of the medium,

Most recently, two other molecular glass-
forming solvent systems, o-terphenyl and polyphenyl ether,
have been used by polymer-matrix technique. o-Terphenyl
is a non-polar which melts at 328.7 K and the liquid may
be cooled to a glass with an apparent glass transition
at V243 K. Previous works (17-20) have demonstrated

that many supercooled liquid o-terphenyl solutions



are sufficiently stable above T_ to allow reproducible

g
dielectric measurements. Polyphenyl ether is six-
ring meta-linked bis(m(m-phenoxy phenoxy)phenyl)ether
with a glass transition at about 270 K (21). This
solvent differs from o-terphenyl and polystyrene in
that it 1s more polar since it contains polar ether
linkages and has a comparatively large loss oa-process

just above its T but the absorption in the glassy state

g’
is of the order of (l—l.S)xlO_3 which is quite small (22).

The present work is aimed at gaining basic
information on the relaxation behaviour of dipolar
solutes dispersed in the latter two glassy solvents since
negligible literature data are available in. these
solvents. Moreover, in order to make possible comparisons
between the Eyring parameters observed for molecular
and intramolecular motions in different solvents we
chose to study a number of dipolar solutes, both rigid
and flexible, in a polystyrene matrix, o-terphenyl and
polyphenyl ether. The values of activation parameters
determined for an intramolecular process in a polystyrene
matrix will be used as the standard, and the corresponding
values obtained in o-terphenyl and also in polyphenyl ether

will be compared with these.
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BASIC THEORY

The dielectric constant or permittivity,
€', of a material is a frequencj—dependent quantity which
may be expressed in terms of its polarizability in an
applied electric field. For most simple polar molecules
in non-polar solvents, all types of polarization can reach
their equilibrium value when the applied field is of the
order of 108 Hz or less. But at higher frequencies, the
dipoles lag behind the field and polarization falls off
so that its contribution to total permittivity decreases.
It is this fall of polarizability with its associated fall
of permittivity accompanied by the absorption of energy

which constitutes dielectric dispersion.

The basic principles and fundamental equations
for dealing with dielectric absorptions are well establish-
ed. The total polarization (PT) of a polar molecule

is given by the Clausius-Mossotti-Debye (1) theories as:

T E A 0
2
_ 4mN u?
= 3 Qg ta, +a5)
_ fo 1w (I1.1)
£ + 2 d
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where o is the polarizability, N is Avogadro's number,

R :
k is the Boltzmann constant, U the dielectric dipole
moment, T the absolute temperature, M the gram molecular
weight, d the density ( g ml_l), and €, the static
dielectric constant of the material. The subscripts,
E, A and O in P indicate the electronic, atomic and

orientation polarizations, respectively.

The Clausius-Mossotti-~Debye theories are
applicable to gases but are often inadequate when applied
to polar liquids due to the invalidity of the Lorentz
field used in these theories as a measure of the local

field in a dipolar dielectric.
Onsager (2) developed the following expression
in an attempt to obtain the relationship between permittivity

and dipole moment 1in liquids and solids:

(so - ew)(2eo + em)

L
AR

2
eo(em+2)

LTNY (IT.2)
9k T

where € 1s the very high frequency or optical dielectric



constant. At very high frequency when the orientation

polarization vanishes equation (II.1l) becomes:

€ -1 .
00 M _  4TN
P 4 = 3 GxE + uA} (I1.3)

Combination of equations (II.1) and II.3) gives the

Deybe equation:

36— 8 M 4mNp? (I1.4)
(e +2) (e +2) 4 = 9kT

equations (II.2) and (II.4) allow a comparison of the

values of uz given by Onsagar and Debye equations:

uz(Onsager) (2€o+€w)(€o+2)

5 = (II.5)
u” (Debye) 3e, (e +2)

For gases at low pressures the Onsager equation reduces

to the Debye equation when €5 and e, are practically

identical.

The molecular polarization is dependent on

Tity

13
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the frequency of the applied field. At low frequencies

the dielectric constant is numerically equal to that
obtained when a static field is employed. As the

frequency of the applied field increases, the dipoles

begin to lag behind and the orientation polarization (Po)
falls off so that its contribution to the total permittivity
decreases. It is this decrease in polarization and per-
mittivity and the resultant absorption of energy which
describes the dielectric dispersion. The resulting phase
displacement (68) leads to a dissipation of energy, as

Joule heating, in the medium, the measure of which is given
by the dielectric loss (g") defined as:

e' tand (IT1.6)

where €' is the real part of the dielectric constant and
tand is the loss tangent or energy dissipation factor. In
this frequency region the dielectric constant is a complex

quantity given by:

ex = g' - ig" (i = V/-1) (11.7)

The relationship between €', €" and § is illustrated by

the following diagram:
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€ 14

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

external field is removed. The relaxation time, T, 1is

defined as the time in which the polarization is reduced

to 1/e times its original value:

P(t) = PO exp(-t/T) (I1.8)

where P(t) is the specific polarization at time t in an

electromagnetic field.

The frequency dependence of the complex per-

mittivity in the region of dielectric absorption for a



system characterized by a

is given by the Debye equation:

where w is the angular frequency

single discrete relaxation

16

time

(I1.9)

1

in rad s .

On combination of equations (II.7) and (II.9)

followed by separation into real and imaginary parts lead

to the Debye and Pellat equations:

© 1
€0 7 tx 1+(uﬂ)2
e" wT
e e, T T2
o) o 1+ (wrt)

Elimination of wr from these equations

2 + (EH)Z

This is the equation of a

the abscissa. The locus of €' and e€"

(I1.10)

(I1.11)

(IT1.12)

circle with the centre lying on

in an Argand diagram
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is a semi- circle of radius (eo-ew)/Z and is known as the

Cole-Cole Plot (3).

‘For many systems these equations may be
satisfactorily valid, but for the systems, where more than
one relaxation process is involved in the dielectric
absorption, the analysis of experimental data becomes more
complicated. Cole and Cole (3) considered the case when
there is a symmetrical distriBution about the mean relaxa-

tion time,To, and obtained the relation:

£ =-E:
e* = g+ LA (11.13)

1+(iwr)qu

where oo is the distribution parameter whose values range

0 a £ 1, when a = 0 the Debye equation is obtained.

A number of other functions has been considered
for non-Debye type of absorption curves. Cole-Davidson (&)
have formulated a function which describes right-skewed arcs.
The equation is given by:

€ —€°°

° (II1.14)

(1+iw1:)B
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where B is the asymmetric distribution co-efficient.

Fuoss and Kirkwood (5) also developed a
theory regarding the distribution of relaxation times.
These workers found that the diélectric loss of some

polymers could be represented by the expression:

£
LI _obs
e" = e" sech{Bln(f )} (IT.15)

max

The mean relaxétion time characterizing the dipole motion

giving rise to?the absorption is represented by

T = l/wmax = l<2ﬂfmax where fmax (Hz) is the frequency

at which the maximum loss factor, enmax’ is observed.

B is itself a %ignificant empirical parameter as its inverse
measures the width of the absorption relative to the Debye

process (B = 1), and fmax are usually evaluated from the

linear relationéhip:

1(€"max)

cosh :
E:"2!

= 2.303(logfmax—logf) (11.16)

For molecules, which contain a rotatable polar

group, dielectrgc absorption may often be characterized by
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two discrete relaxation times corresponding to molecular
and intramolecular rotations. Buddo (6) considered that
for multiple discrete relaxation processes the complex
éielectric constant could be represented by the superim-
position of overlapping Debye absorptions. Thus, for
systems having two discrete processes with relaxation

times Ty and T, the following equations can be deduced:

e'-e, €1 €2
— = + (1I1.17)
€0t 1+(wr,) 2 1+ (wr.)?
1 2
e" C,wT C., Wwr
- 1 12 + 2 22 (11.18)
€5 € 1+(wrl) '1+(wr2)
C1 +‘C2 = 1 (I1.19)

where C1 and C2 are the weighting factors of the two

contributing absorptions. When Cl/CZ is small, an almost

symmetrical Cole-Cole plot results. The dielectric absorp-
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3

éion data for systems with sigﬁificant Tl/T2 and Cl/CZ

ratios may separate into two distinct absorption regions.

A number of models has been suggested to
account for the mechanism of the molecular relaxation
processes. Debye (1) has suggested a simple relaxation
mechanism and according to his theory each dipole has
two equilibrium positions separated by an énergy
barrier, AE. In such a situation the dipoles will
oscillate within the potential minima, and sometimes acquire

enough energy to jump the barrier.

The Eyring rate theory (7) is often applied
to the reorientation of an electric dipole between two
equilibrium positions. According to this treatment if
AGE is the free energy of activation for the dipole to reach
the top of the barrier opposing reorientation, then the
number of times such a reorientation occurs per second is

given by the expression:

1/1 = (KkT/h)exp(—AGE/RT) (I1.20)

where T is the absolute temperature, h is Plank's constant,

R is the universal gas constant, k the Boltzmann's
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éonstant, and K is the transmission co-efficient normally
taken to be 1l; this corresponds with the case that each
time the dipolar molecule is excited to the top of the
energy barrier it continues to move in the same direction
to the adjacent minimum position. Thus, the process is
one of relaxation between two equilibrium positions but
it is commonly referred to as rotation.

Since

AGE = AHE - TASE

where AHE is the heat of activation and ASE the entropy

of activation for this dipole relaxation process. Thus:

T = (h/kT}exp(AHE/RT)exp(-ASE/R) (I1.21)
which on taking logarithms and rearrangement gives:

IntT = (AHE/RT) + In(h/k) - (ASE/R) (1I1.22)
Thus, it is evident from the above equations that a plot
of 1In(TtT) versus 1/T is a straight line. The slope of the

line therefore yields the AHE value for the observed

relaxation process.
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IT11.1 INTRODUCTION

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

g = (I11.1)

<
C
o

where C is the capacitance when the space is filled with
the material, and Co is the capacitance measured when
there is a perfect vacuum between the plates. In fact,
however, € is not a constant. It is a frequency-dependent
complex quantity, and the complex dielectric permittivity,

e*, defined as:

gx = g' - ig" i = /-1 (I1I.2)

If a sinuscidal potential of amplitude E and
frequency w rad s-l is applied to the capacitor, then the

current I flowing through the circuit can be expressed as:

I = EwC = EwCO(e'-ie") (I11.3)



3]
[9a]

in which the substitution for C and w follows from
equations (ITII.1) and (III.2), fespectively. The real
éomponent, EwCOE', known as the charging current is 90°
out of phase with the applied potential and, therefore,
does not need any electrical work to be done. If, however,
the dielectric is a polar substance then the displacement
current acquires an imaginary component, EwCOS", in phase
with the applied potential. This is known as the loss
current, which is related to the energy dissipated as heat
since it causes some electrical work to be done as given
by the dot product, EI = Ezwcoe". Now, if we define ¢

as the angle between the total current and the charging
current axis, i.e., the angle by which the charging

current fails to become 90° out of phase with the potential,

then:

loss current e
tand = charging current €' (IIT.4)

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

are the basis of all dielectric measureméents.
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In this thesis most of the chemical systems
studied were experimentally examined as solutes dissolved
in (a) glassy o-terphenyl, (b) polyphenyl ether, commerci-
ally known as Santovac (1), and (c) polystyrene matrices.
The solutes were either polar solids or liquids.
Dielectric measurements were performed by the use of the
General Radio 1615-A Capacitance bridge and the General
Radio 1621 Precision Capacitance Measurement System. The
glass transition temperature, Tg’ of some of the chemical
systems, were measured by the use of Glass Transition

Measurement Apparatus. This instrument was designed by

Mr. B. K. Morgan of this laboratory.

III,.2 DIELECTRIC MEASUREMENT WITH GR BRIDGE

General Radio Bridge

The GR1615-A Capacitance bridge and the GR1621
Precision Capacitance Measurement system are manufactured
by General Radio Company, Concord, Massachusetts, U.S.A.
The GR1615-A bridge allows measurement of the capacitance
and conductivity of a sample to be made at frequencies
5

ranging from 50 Hz to 10~ Hz. This system consists of

GR1310-B sine wave signal generator and 1232A tuneable
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amplififer-null detector. While the GR1621 gystem
consists of the GR1616 Precislon Capacltance bridge
with the GR1316 Oscillator and the GR1238 Detector.
This GR1621 system measures the capacitance and the
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%Z 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 10UF(1l0 microfarad), with internal standards,

or farther with external standards.

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

equations (2):

e’ c/co (IITI.5)

and

e" = G/uC (ITI.6)
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i

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

plate capacitance cells.

The Capacitance Cells

The cells, designed by Mr. B. K. Morgan df
this laboratory, 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 (3)). Figure III.1 and
Figure IIT.2 present the two three-terminal coaxial cells
referred to as cell A and cell B, respectively. Cell B
had been desfgned as a modification of cell A, to decrease
the requisite volume of sample required for study but
both operated on the same basic principle. The temperature
stabilization time and also, the length of time required
for the capacitance and dissipation factors of the bridge
to reach constant values, have indeed been decreased by
this modified cell design. Cell A and cell B were used

for dielectric measurements of the samples (which are
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liquid at room temperature) in o-terphenyl and polyphenyl‘
ether. Figure III-3 presents the three-terminal circular
parallel-plate capacitance cell which was used for
dielectric measurements of samples dispersed in poly-

styrene matrices in the form of solid disc.

The capacitance cells, regardless of design,
were encased in essentially the same type of air-tight
aluminium chamber. Each cell was cooled from the top by
conduction through a flat-bottomed, styrofoam insulated,
liquid nitrogen container. Heating balance was accomplished
through a temperature control circuit consisting of a
thermocouple, and a thermoelectric temperature controller
model 3814021133 unit (accuracy "v*0.1°C) using nichrome

wire heating element surrounding the cell.

SAMPLE PREPARATIONS AND DIELECTRIC MEASUREMENTS

Samples placed in the coaxial cells were liquid
solutions., The solutions were prepared by adding a given
quantity of polar solute to a heated quantity of solvent
such that the resultant solution had a weight/weight
concentration of about 87 or less depending upon the

magnitude of the dipole moment of the solute and, in
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éertain cases, on the solubility of the solute in the
solvent. The two main solvents used in thesec studiles
were o-terphenyl and polyphenyl ether (1). The solvents
were initially heated to about 333 K in order to facilitate
the dissolution of the added solute and also in the case
of o-terphenyl, to melt the solvent. The solutions were
then left for about twenty-four hours to ensure a
homogeneous solution. The cells were‘heated again to
above 333 K, filled with the solution and then cooled
quickly with an aluminium flat-bottomed liquid nitrogen
vessel. The cooling rate was approximately 10 K per

minute for cell A and about 18 K per minute for cell B.

For a chemical system, the dielectric
characteristics of which were unknown, the sample was cool-
ed down to near liquid nitrogen temperature and slowly
heated up to the glass transition temperature while
capacitance and dissipation (conductance in the case of
GR1621) at recorded temperatures were taken periodically.
From the resultant plot of tand (as calculated from
experimental data) versus temperature (K) at fixed
frequency (usually 1 kHz), suspected areas of dielectric
absorption were identified. The system was then heated

again to 333 K and cooled quickly to some temperature well
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gelow the temperature 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 carried out so as to

obtain a broad logfmax range as possible. The temperature
was recorded to an accuracy of *0.1°C with the help of a

Newport 264-3 platinum resistance thermometer.

In the case of solutions of polar solutes
dispersed in atactic polystyrene, the samples were
prepared by employing the procedure similar to that
described by Davies and Swain (4). The desired amount
of solute (0.270.4 g) and polystyrene pellets (nearly
4 g as required to make about 5 mol % of the former)
were dissolved in V10 ml of 1,2-transdichloroethylene, in
a porcelain crucible. The mixture was stirred throughly,
until it dissolved completely, followed. by evaporation
in a drying oven at about 85 - 100°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 disc was also noted, and the molar
concentration of the solute in the matrix was calculated

according to the formula given by Tay and Walker (5) as:
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wt. of solute used x wt. of disc
mol wt. of solute wt. of P.S.+ solute

Concentration =

1000
vol. of disc

The polystyrene matrix disc was then clamped between the
electrodes of the parallel-plate capacitance cell and the
dielectric measurement carried out in the previously

described fashion.

Measurements made with the General Radio bridge
were of dissipation or conductivity factors and capacitance.
The product of the frequency and dissipation factor yields
the loss tangent value, tan§. With these values obtained
experimentally and the following relations, it was possible
to determine dielectric loss values for the parallel-

plate capacitance cell.

e" = e'tané (IT .6)
. cd
€ = 0.08842A (ITI.7)
and
1
e = &G (I11.8)

wC
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where C is the capacitance of the cell with the sample

in picofarads, d is the spacing of the capacitance

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

(in cmz),vG,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
containing a standard quartz disc of diameter 2.0 inches,
thickness 0.0538 inches (supplied by the Rutherford Research
Products Co., New Jersey, U.S.A.) with a dielectric

constant of 3.819.

The coaxial cells were also calibrated, to
determine relevant constants, with purified cyclohexane
at room temperature. Calibration studies were also
carried out down to liquid nitrogen temperatures to see
if there was any variation between values of €' determined
at room temperature and those at lower temperatures.

Variation was considered negligible.

EVALUATION OF RESULTS

The experimental data, obtained by dielectric
measurements, were analysed by the use of a series of

calculator and computer programmes. The programmes were
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written in the APL language. The dielectric loss of the
éample solution was calculated using the Texas SR59
grogrammable calculator and the loss for the pure solute
was then obtained by subtracting the values for the
pure solvent at each frequency (obtained through similar
measurements) from that observed for the sample solution,

i.e.:

" = g" - "
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, (IT1.15), by a procedure employed
by Davies and Swain (4). By iteration the computer

programme finds that the wvalue of S"max provides the best

"

linear fit to the plot of cosh™ 1(e na

X/8") against 1n(f).
From the slope of this line the value of the distribution
parameter, B, is deduced. The frequency of maximum
dielectric loss, f , is obtained from this slope and

max

the ihtercept of the line on the cosh—l—axis.

The Fuoss-Kirkwood equation does not consider

the real part of the complex permittivity nor does it
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deal with the limiting values at low and high frequeneles,

€ and €, respectively, except that the total dispersion

O’

is given by the expression:

2€Il
Ae' = ¢ - g = —-02X (I11.9)

Therefore, the analysis was supplemented with the Cole-
Cole equation (II.13) to obtain:e_ in conjunction with
the following relation (6) for the value of o, the Cole-

Cole distribution parameter:

1-o
B = (II1.10)

/2 cos(IL%:ll)

Several estimates of ¢ were obtained from the Cole—Colé
equation given the experimental values of €' at various
frequencies. The average of these estimates was calculated,
along with a value for €' at the frequency of maximum

loss.

The calculation of the effective dipole moments
involved in the dielectric relaxation process was made
by using the Debye (7) equation (III.11) and the Onsager

(8) equation (III.1l2):
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2700 kT (eo—em)
uoo= 5 (ITTI.11)
4TNe (e'+2)

900 kT (2€O+em)(eo—ew)

p- o= > (I11.12)
4WNC€O(€w+2)

where the value of (go—em) is given by the equation

(ITI1.9), €' is the value of &' at oo = 1/TO‘= Zmeax’

Eo is the static dielectric constant derived from the
estimated average of € and equation (III.9), ¢ is the
concentration in moles.litre—l, T is the temperature in

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

commonly this parameter is expressed in Debye units, where:

1 D = lxlO—18 e.s.u. —cm

The dipole moments observed at different
temperatures were then fed into a separate computer
programme to estimate the extrapolated wvalues of the dipole
moment at temperatures above those of measurement. This
technique is similar to that employed by Davies and

Swain (4) and was based on the assumption that the dipole
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moment is a linear function ol temperature. It seemed
from their work that this methbd yielded reasonable
results, although there is a little theoretical basis for
such a procedure. However, in many cases it is well
established that the variation of,EO‘and €, wWith tempera-
ture may be described by an equétion of the form log(e) =

aT+b (9).

The energy barrier which must be surmounted
in the motion of the dipole was evaluated in terms of the
-Eyring enthalpy of activation, AHE, by using the Eyring

rate expression equation (II.21), a procedure commonly

used in dielectric work (4,10):

-AG

- 1 _ b E
T = rate kT (exp( RT ))
h AH ~AS
T = T exp(—§¥-) exp ( R ) (IT.21)

which can be rearranged to the linear form as:
1n(Tt) = = -(—— - 1n ()) (I1.22)

The plots of log(TTt) against 1/T yielded good straight

lines, and from the slope and intercept of this line, the
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values of the enthalpy of activation, AHE, and the

entropy of activation, AS respectively were evaluated

E’
with the help of a computer prbgramme. The programme

1 1

also calculates relaxation times 'T' and free energies

of activation AGE(=AHE—TASE) at different temperatures.

The result of the analyses of dielectric data

: in F - ‘ £ "

go obtain Fuoss-Kirkwood parameters, 1og10( max), € ax’
and B, the relaxation time, T, and -the limiting high
frequency dielectric constant, €_, and the effective
dipole moments, U, are collected in tables in each

chapter. The results of Eyring analyses of these data

are also presented in each of the following chapters.

Standard statistical techniques (11) provide
a means of 'estimating errors in fitting a straight line
to a set of graph points. The FUOSSK computer programme
calculated errors in logfmax and B for the 90%, 95%, 98%,
and 997% confidence intervals. The 95% confidence interval

was chosen as a good representation of experimental

error, typical values for log,,(f ) being *0.05 to 0.10.
10 " " max

The same technique was adopted to calculate
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the 95% confidence intervals for both AHE and ASE. In
the present work, the maximum error in AHE is hardly
greater than *10% or *3 kJ molv_l whichever be the

greater .

The structural diagrams of some typical

molecules investigated are given in the experimental section

of each Chapter.

IT1I.3 GLASS TRANSITION TEMPERATURE MEASUREMENT

The Glass Transition Temperature Measurement
apparatus, shown in Figure III.4, designed by Mr. B. K.
Morgan of this laboratory, detects linear expansion of
solid or frozen liquid samples. Heating the sample N
causes the inner pyrex tube to move upwards relative to
the outer pyrex tube. This movement is transmitted from
the cap of the inner tube to the core of the transducer C.
Movement of the core causes a change in the electromagnetic
coupling between the input and output coils of the trans-
ducer. The output coil is connected to a strip chart
recorder which displays a rising trace as the sample
is heated towards the glass transition temperature. Near

the glass transition temperature the trace levels off and
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KEY TO FIGURE III.4 ON FACING PAGE

A 24DC IN

B VOLTAGE OUT TO CHART RECORDER

o H.P. 24DC DT-100 TRANSDUCER

D TRANSDUCER CORE WITH OFFSET WEIGHT
E TRANSDUCER HEIGHT ADJUSTMENT SCREW
F OUTER PYREX TUBE

G INNER PYREX TUBE

H INNER TUBE GUIDE ROD SUPPORT

J INNER TUBE CAP

K LIQUID NITROGEN FUNNEL

L STYROFOAM INSULATION

M HEATING BLOCK

N LIQUID SAMPLE IN DISPOSABLE HOLDER
0 PYREX DISH

P INSULATION

Q THERMOMETER PROBE

R THERMOREGULATOR PROBE

S SOLID SAMPLE HOLDER

T HEATING BLOCK
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Figure : I1I-4 Glass Transition Temperature Measurement Apparatus.
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and then beglins to fall ag the gample seoftéens. There

are two interchangeable sample holders with the apparatus.

The sample holder S for the sample, solid at room temperature,
and N for the samples which aré liquid at room temperature.
fhe idea for this instrument was suggested by Dr. N. Koizumi.
His apparatus was much larger measuringvthe sample expansion
and temperature changes under vacuum. Both changes being
measured simultaneously on an X-Y recorder. He also

employed a Hewlett Packard transducer, model #24DCDT-100.

The solid sample was prepared in the form of
a strip roughly 20 mm x 8 mm and 1 to 2 mm thick. The
sample was secured at one end by a small screw in a
slotted rod which fits freely in sample holder S. The
liquid sample was poured at room temperature into a dis-
posable polyethylene cup. The cup was placed in its
stainless steel holder under the central pyrex tube. The
central tube was raised by the cap of the outer tube, to
which it was connected by two sliding rods, it was not

lowered until the sample had been frozen.

The sample holder, sitting within two inter-
locking circular blocks M and T, was cooled rapidly (where

the sample needed to be frozen) by pouring liquid nitrogen
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.inta) funnel K. The +unnel wag held by the microcelular
polystyrene Insulation which surrounded block M, When

the sample had been cooled to about 40°C below the

expected glass transition temperature the transducer position
was adjusted. With the central tube in contact with the
sample, the transducer was carefully moved up and down

until the pen of the chart recorder registers on the

bottom of the scale. With a regulated voltage of 24 volts
D.C. applied to the transducer, a recorder sensitivity

of 500 mv, a chart speed of 8 inch per hr was selected

The temperature was controlled by a thermoelectric
temperature controller, model 3814021133. The 110 volts
output of the controller was reduced to about 60 volts
through a variac transformer which was wired to the heat-
ing block M. The temperature of the sample was raised by
manually raising the digital temperature setting of the
controller in increments of 1°C per min. The temperature
was recorded with the help of Newport 254-3 platinum
resistance thermometer and the temperature was also
periodically recorded by hand on the chart until the glass
transition temperature passed. Figure III.5 shows a typical
plot of glass transition temperature measurement results,
which also demonstrate the working principle of the apparatus

more clearly.
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CHAPTER IV

DIELECTRIC RELAXATION PROCESSES OF RIGID

POLAR MOLECULES IN ORGANIC GLASSES
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Iv.1 INTRODUCTION

A large number of rigid dipolar molecules
have been extensively studied by various dielectric-
absorption techniques in a variety of solvents.
Attempts have been made to investigate the dependence
of dielectric relaxation time (T) and enthalpy of
activation (AHE) upon such factors as: entropy of activa-
tion (ASE), the size and shape of rigid dipolar molecules,
volume swept out by these molecules in their reorientation
process, the direction of the dipoles within the molecules,
moments of inertia, and also upon the viscosity of the

medium.

Higasi (1) showed an almost linear dependence
of entropy of activation (ASE) upon the corresponding
enthalpy of activation (AHE) for a variety of organic
molecules in p-xylene. He tentatively postulated that,
"the entropy change 'is zero or has a small negative
value, if AH; is below 13.4 kJ mol™ 1", Davies and Edwards
(2) also found a similar relationship between AHE and
ASE for the molecular relaxation process of polar molecules

of various sizes and shapes of the types: camphor,

anthrone, cholest-4-ene-3-one, tetracyclone, and B-
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naphthol. This linear dependence between AHE and ASE
may be explained qualitatively if the activation energy
is assumed to be largely needed to displace adjacent
solvent molecules. Thus, the larger the energy required
for AHE the greater will be the local reorganizational
entropy. Pitt and Smyth (3) demonstrated that for the
three polar solutes, anthrone, fluorenone, and phenanthra-
quinone, in benzene solution the phenanthaquinone had

a longer molecular relaxation time, and this was
attributed to a greater volume being swept out by this
molecule in orienting about its long axis. Crossley

and Walker (4) examined quinoline, isoquinoline, and
phthalazine in cyclohexane solution at 323 K. In these
solute molecules of almost identical size and shape,

the direction of the dipole moment varies. It appeared
in these molecules that no signifi;ant variation of
relaxation time was detectable within the limits of the

accuracy of measurements.

Hassel (5) has examined some aromatic
halides in p-xylene at 288 K. He reported the enthalpies
of activation for the fluoro-, chloro-, bromo-, and iodo-

benzenes as 5.9, 6.7, 8.4, and 9.2 kJ mol-l, respectively.



This indicates a slight increase in AHE with iIncrease

in the size of the molecule. Both Hassel (5) and Cooke
(6), however, found reasonable correlation between activation
energy and volume swept out by the molecule for dilute
solutions of mono-halobenzenes, ortho- and meta-dihalo-
benzenes, o-dibenzenes, m~dibenzenes, and naphthalenes in
pP-xylene. Other workers also attempted to explore the
dependence of dielectric relaxation time and enthalpy

of activation upon molecular rotational volume (7),
position of the dipole moment within the solute molecule
(8), moment of inertia (9), and viscosity of the medium

(10,17).

In a recent attempt to invest&gate the
effects of solvent on the relaxation characteristics
of a molecule, a number of solutes measured in a variety
of glass-forming solvents at temperatures below Tg’ These
solvents are polystyrene, o-terphenyl and polyphenyl

ether.

Extensive studies of carefully selected
dipolar solutes dispersed in a polystyrene matrix have

been reported (9,14,15). Very broad loss curves were
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observed for numerous rigid polar solutes, where dipole
reorientation necessarily involves whole molecule

rotations.

o~-Terphenyl is a non-polar and melts at 328 K,
but forms molecular glass when coocled below its Tg
(v243 K) (12,13). Previous workers (12,13,16) have
demonstrated that it was possible to make reproducible
dielectric measurements with o-terphenyl as solvents from
liquid nitrogen temperature up to above Tg’

Polyphenyl ether is another glass—-forming
solvent. It is bis(m(m-phenoxy phenoxy)phenyl)ether, a
six-ring meta-linked polyphenyl ether with a glass transi-
tion at 270 K (17). This solvent differs from o-terphenyl
and polystyrene 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 quite small (18).

However, extensive dielectric studies in the
latter two solvents (o-terphenyl and polyphenyl ether) has
not been made. Moreover, detailed knowledge of the

molecular relaxation parameters and the associated energy



barriers are essential for the assignment of a particular
process in a similarly sized flexible molecule studied

in these three media (polystyrene, o-terphenyl an&
polyphenyl ether) as will be seen in the following
chapters. It is mainly for this second reason that
different types of rigid dipolar molecules have been
studied in these media which could also provide, at
least, a qualitative interpretation of the activation
parameters in terms of size, shape, ;nd volume of the

dipole units.

Iv.2 EXPERIMENTAL RESULTS

The dielectric measurements of twelve dipolar
rigid molecules (listed in Figure IV-1) have been made
in the frequency range of lO2 to lO5 Hz by the use of a
General Radio bridge, the procedure being described
in Chapter I;I. The solvents used are: (a) polystyrene,
(b) o-terphenyl, and (c) polyphenyl ether. All the molecules
(Figure IV.1l) were studied mainly for the use as rigid
molecules providing reference values of molecular re-
laxation parameters in the above mentioned media. Some

of these molecules studied in polystyrene matrices by

several co-workers in this laboratory were also recorded
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in this chapter for comparison with the results
obtained in the other two media (o-terphenyl and poly-

phenyl ether).

Figures IV.2-IV.4 show the plots of AHE

versus ASE, while Figures IV.7 - IV.9 presents AHE versus
V +V
V(=—XE—£), in the mentioned medium. Sample plots of

"

K
observed = solvent) versus T (K)

dielectric loss, e€"(=g"
are shown in Figure IV.10 in the three media. Figures
Iv.11, IVv.12, and IV.13 show the sample plots of g"
versus logf in the polystyrene matrices, o-terphenyl, and
in polyphenyl ether, respectively. Sample plots of logTT

versus 1/T in three media are also presented in Figures

IV.14-1IV.18.

Table IV.1l lists the results from Eyring
analyses, while Table IV.2 summarizes the Fuoss-Kirkwood
analysis parameters together with the values of €0 and
the experimental dipole moments. The following symbols

are employed:

PS Polystyrene matrices

OTP o-Terphenyl



Santovac. Polyphenyl ether

v (83) Mean volume swept by reorientation about
centre of volume

AT (K) Temperature range in the absolute scale

R-range Range of variation in the Fuoss-Kirkwood
distribution parameter B.

AGE Eyring free energy of activation
AHE Eyring enthalpy of activation
ASE Eyring entropy of activation

£ frequency in Hz

E Relaxation times in seconds (s)

IV.3 DISCUSSION

The Eyring analysis results and the Fuoss-
Kirkwood analysis parameters for twelve rigid dipolar
molecules have been presented in Tables IV.1 and 1IV.2,
respectively. Table IV.2 also collects the values of
e, and apparent dipole moments corresponding to- the
dispersion at a particular temperature. The relaxation
times and the free energies of activation have been

shown at temperatures which are close to the individual

absorptions, because for some molecules, the parameters
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obtained by extrapolation may not be meaningful at all
temperatures, but a more reasonable comparison can
easily be made by choosing the one within or closest

to the experimental observations.

Table IV shows that the values of the
distribution parameter, B, for all the twelve rigid
dipolar molecules in the three media (polystyrene, o-
terphenyl and polyphenyl ether) range from 0.21 - 0.27.
These low B-values (which imply a Qide range of relaxa-
tion times) for the molecular motion in these media,
agree well with the observations by earlier workers
(2,9,14,23,24) for a series of rigid molecules in a
polystyrene matrix. Table IV.2 also indicates that for
each system studied, the temperature dependent 'R’
values do not seem to vary significantly over the
temperature range in which the absorption curves have

been observed.

Davies et al (2,24) obtained linear
AHE versus ASE plots for various solutes dispersed in

polystyrene matrices. Higasi (1) also showed a similar

relationship for a variety of organic molecules in p-
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xylene. Later workers (9,14,23) of this laboratory also
found an almost linear relationship between AHE and ASE
for different types of rigid dipolar molecules dis-
persed in polystyrene matrices. Figures IV.2, IV.3

and IV.4 show the plots of ASE versus AHE obtained from
the present studies in polystyrene matrices, o-terphenyl,
and polyphenyl ether, respectively, of different rigid
molecules (listed in Table 1IV.1). These figures indi-
cate clearly that the entropy of activation increases
liﬁearly with enthalpy of activation as the size of the
molecule increases. Linear regression analysis for the

results of molecular relaxation yielded the following

equation:

(i) in polystyrene matrices
-1 -1 . -1
ASE (J K mol ) = -70 + 2.2 AHE (kJ mol 7))y
(ii) in o-terphenyl
-1 -1 -1
ASE (J K mol ") = -69 +2.1 AHE (kJ mol ),
and (idii) in polyphenyl ether
-1 -1 -1
ASE (J K mol 7)) = -70+ 2.6 AHE (kJ mol 7).
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The theoretical ground for this correlation
is lacking. According to Davies and Edwards (2), such
behaviour can be understood gqualitatively if the activation
energy is needed primarily to displace the adjacent
solvent media so that the larger the energy required for
AHE the larger the local disorder, ASE. However, the
figures show that it was not possible to fit into the
same plot the data for bromoform, which could be due to
the probable hydrogen bonding in this molecule. Moreover,
it appears from earlier investigations (9,14,23) that
the linear AHE versus ASE relationship would be more
reasonable for any series of molecules when the shape 1is
quite similar and the inclination of the dipole to the
principal axis is about the same. It is also necessary
to point out that there 1s no absolute significance
of the activation entropy determined by the Eyring expression
since the exponential factor cannot be fully justified.
As Davies and Edwards (2) say: '"the entropy terms ASE are
best regarded as empirical corrections (exp(ASE/R )) to
a predetermined frequency value (kT/h) in the rate equation'.
Therefore, the deviation from a single linear ASE versus

AHE relationship would not be surprising for a wide wvariety

of dipolar molecules.
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Tay and Walker (14), and also other
workers (9,23) of this 1aboratoty found a linear relation-
ship between the enthalpy of acgivation and the volume
swept out by the molecule for a variety of rigid molecules
dispersed in polystyrene matrices. More recently,
Gourlay (19) observed similar linear dependence of AHE
agéinst mean volume swept out by certain rigid molecules
for rotation about their centre of volume. All of these
molecules have one thing in common: the dipole moment
always lies along the long axis. The following diagram
(Figure IV.5) illustrates the point. The molecular axes,
X, v and z, are in the order of decreasing length. The
molecular dipole lies along the x-axis. Arrows about the

y and z axes describe possible molecular rotations:

Y

I
L

Figure: IV-5
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Since the dipole moment lies along the longest x-—-axis,

so the rotation of the molecule may give rise to two
extreme types of swept volume: one involves large dis-
placement of surrounding molecules, corresponding to out-
of-plane rotation about the z-axis, the other, a rotation
about the y-axis involves less displacement of adjacent
molecules. The point through which the x, y and z axes
pass is the centre of mass. However, unlike the case of
a gas, the rotation relating to the jostling motion
molecules experience in the liquid state may well result

in the molecule rotating about its centre of volume.

The centre of mass or volume, effective radii,
and the length of the rotating species were determined
either from molecular models (9) or scale drawings
constructed from known bond lengths and bond angles (26).
The volumes of revolution were assumed to be cylinders.
Hence, with the aid of known radius and length of rotating
species, the volumes swept out by dipole reorientation
about the two axes, perpendicular to the molecular moment,
and also the volumes swept out for rotation about the centre

of volume were claculated.
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For rotatfion, either about the centre of mass
or centre of volume, the swept volume is composed of two
half cylinders, the radii of which were taken to be the
maximum lengths of the molecule in each direction from the
point of rotation and the cylinder lengths to be the
length of the molecule in the direction parallel to

the. axis of rotation, Figure IV.6:

£

>

5

Figure: IV-6
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The volumes arce consldered to be more

accurate than *10%. The enthalplies of activation were

VvV +V
plotted against mean volume (V = 22 ) for rotation about

the centre of volume. It was found that within the limits
of experimental error estimates, there is some

linear relationship between the mean sSswept volumes and
the activation energies as shown in Figures IV.7, IV.8
and IV.9 for the molecular process of different rigid
molecules in polystyrene matrices, o—-terphenyl and
polyphenyl ether, respectively. However, it was found
that some molecules deviate from this linear relation
which may be due to their nonsimilarity in shape.
Nevertheless, from these plots and earlier works (9,14,
23) it would seem more likely that at least a rough
linear correlation exists between AHE and the volume
needed for reorientation of a given series of molecules

having a similar shape factor.

Table IV.1 shows that for any particular
molecule the relaxation times are longer and so the
values of free energies of activation as well as enthalpies
of activation are higher in polyphenyl ether than those
in o-terphenyl, which in turn are higher in magnitude

than the corresponding values in a polystyrene matrix.
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This is mainly owing to an increase in viscosity of the
medium from polystyrene to polyphenyl ether. However,
the data for bromoform (Table IV.1) are not consistent
with this solvent effect. Intermolecular hydrogen
bonding ,——é—~ H--o-Br——-é — He+++, may be the cause of
this discrepancy. The enthalpies of activation of bromo-
form are 7.9 *0.7, 10.4 0.8, and 8.8 +0.5 kJ mo1l™ 1 in

a polystyrene matrix, o-terphenyl and polyphenyl ether

respectively.

It can be seen (Table IV.1l) that the increase
in the values of Eyring parameters for trichloro-
ethylene by changing the medium (i.e., from polystyrene
to o-terphenyl, and from o-terphenyl to polyphenyl ethér)
are appreciably larger, the activation enthalpies for
this molecule in a polystyrene matrix, o-terphenyl and
polyphenyl ether being 7.0 *0.3, 12.0 *0.5, and 15.5 *1.7,
respectively. This may be explained, as the dipole moment
of this molecule is directed along its long axis, and the
molecule could have an appreciable contribution from an
end-to-end tumbling motion. Such a relaxation contribution
would lead the solute molecule to sweep out a larger
volume, which could in turn lead to its experiencing a

greater viscous drag from the more viscous solvents, and
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hence reflects the larger AHE and ASE values for the

molecule.

Pyridine and 4-methyl pyridine (v-picoline),
nitrogen containing heterocylic rigid molecules, received
special consideration since this might give some information
concerning molecular interaction with the solvent due to
the hybridized lone pair electron of the hetero—-atom or
the T-electrons of the ring. The Eyring analysis results
for these two molecules can be compared with those of
analogous non-heterocyclic rigid molecules listed in
the same Table IV.1. The results indicate that the Eyring
parameters for pyridine in o-terphenyl arg,within experi-
mental error limits, identical to those observed for fluoro-
benzene in the same medium. Similarly, there is a small
difference between the results for 4-methyl pyridine and
chlorobenzene in the three media of investigation. On

comparison of AH (kJ mol_l) values, we find that they

E
are for 4-methyl pyridine and chlorobenzene, (i) in a
polystyrene matrix 14 (23) and 11 (23); (ii) in o-terphenyl
16.0 *#0.9 and 14.4 *0.5; and (iii) in polyphenyl ether

17.2 *0.7 and 16.0 *0.9, respectively.

A more extensive study of the effect of size,

shape and the inclination of the dipole to the principal
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axis of rotation would seem worthwhile. The data
provided in Table IV.1l for mono-~ and disubstituted
benzenes accomplishes this to a further extent. It

can be seen that in the case of mono-halobenzenes there
is almost a regular increase in the Eyring parameters
in all the three media as we pass on from fluorobenzene
to bromobenzene. This increase in the wvalues of AHE
and other parameters with the increasing size of the
molecules aiong the series of monohalobenzenes are

consistent with the earlier observation in p-xylene (5)

and in polystyrene matrices (9,23). But o-dichlorobenzene

yielded lower values of AHF and other parameters (Table IV.1l)

in all the three media than the corresponding values of
similar-sized rigid molecule, e.g. bromobenzene. The

AHE values of o-dichlorobenzene are 11.2 *0.6, 11.4 *0.6,

and 13.4 *0.8 kJ mol_l in a polystyrene matrix, o-terphenyl

and polyphenyl ether, respectively. The values are within

the limits of experimental error, identical to the
corresponding values of chlorobenzene (Table IV.1).
Previous workers studied ortho- and meta-dihalobenzenes
as well as mono-halobenzenes in p-xylene at 25°C (19), p-
xylene at 60°C (21) and benzene at 23°C (22). They also

observed that the relaxation times of ortho- and meta-
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dihalobenzenes differ very little and are only slightly
longer than those of the mono-substituted compounds.
Crossley (20) had accounted for this discrepancy by the
suggestion that the mean relaxation time 1s more related
to the length of the molecule than to its volume. It was
also concluded by Mountain (21) that "within the limits
of experimental error the relaxation times of m-compounds
may be said to be the same as those of the o-derivative',
and "similarly the enthalpies of activation are also
equivalent and show no suggestion of increasing AHE

with larger molecular v;Tume as was obtained by Hassel (5)
with mono-substituted halobenzenes'". Recently, Mazid
(23), from dielectric studies in polystyrene matrices,
observed that the enthalpies of activation for ortho-
dihalobenzenes are about the same and the entropies of

activation are generally negative.

Table IV.1l shows that although nitrobenzene
gave an absorption process in a higher temperature range
than chlorobenzene in the three media, yet the values of
AHE, within the limits of experimental error, are almost

identical for these two molecules in the same medium.
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The AHE values for nltrobenzene arve 12.1 1.9, 13.7 0.6

and 17.2 *0.8 kJ mo-l—1 in a polystyrene matrix, o-terphenyl

and polyphenyl ether, respectively.

Benzonitrile, anohter mono-substituted benzene

having its molecular dipole moment coincident with its
principal axis yielded relatively higher vaiués of AHE
and other parameters (Table IV.1) in harmony with its
size. This is also apparent from the plots of AﬁE versus
mean volume swept, V (83), about the centre of volume
(Figures IV.7-1IV.9). The enthalpies of activation in a

polystyrene matrix, o-terphenyl and polyphenyl ether for

benzonitrile are 22 (23), 27.4 *1.5, and 28.7 *0.6 kJ mo1” 1

respectively. The values of AHE and other parameters in
o-terphenyl for this molecule agree well with those

obtained by earlier workers in this laboratory (13).

Table IV.1 shows that p-chlorotoluene has
considerably higher values of temperature range, enthalpy
of activation, and entropy of activation, than those for
l-chloronaphthalene. This indicates that AHE and other
relaxation parameters of a rigid polar molecule are very

sensitive to the length of its long axis. The enthalpies

of activaiton for p-chlorotoluene are 26 (9), 28.8 *3.0,

s
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and 32.9 £2.6 kJ mol—l in a polystyrene matrix, o-
terphenyl, and polyphenyl ether, respectively. While the
AHE values of l-chloronaphthalene in these media are

14.7 +0.7, 14.8 0.8, and 17.0 $0.8 kJ mol !, respectively.
Tay et al (14), from their dielectric studies in a
polystyrene matrix, reported that the AHE values for the 1-
halonaphthalenes and those for cyciohexyl chloride (24),
cyclohexyl bromide (24), o-dichlorobenzene (24), and
meta-dibromobenzene are of the same order whereas their
rotational volumes vary appreciably. They suggested that
l-halonaphthalene could have an appreciable contribution
from the cylinderical barrel-like motion about the

longest axis. They also noted that 2—halonaphthalenes
have longer relaxation times than the corresponding 1-
halonaphthalenes, which agrees well with the observation
by Grubb and Smyth (25) for similar molecules in dilute

liquid solutions.
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TABLE 1IV.2: Fuoss-Kirkwood Analysis Parameters, €_, and
Effective Dipole Moments (u) of Rigid Polar

Molecules in Some Organic Glasses.

6 3

T (K 1 "

(K) 0" 1(s) Ll.ogf:'max B 107¢ .- € H (D)
0.35 M Bromoform in a Polystyrene matrix

98.6 183 2.94 0.21 0.97 2.49 0.26
105.1 100 3.20 0.22 1.04 2.49 0.26
113.9 43.4 3.56 0.25 1.10 2.49 0.26
119.9 28.8 3.74 0.19 1.15 2.49 0.31
126.8 15,2 4,02 0.17 1.20 2.49 0.35
134.6 11.0 4.16 0.15 1.20 2.49 0.39
0.34 M Bromoform in o-Terphenyl

107.0 655 2.39 0.18 0.80 2.75 0.25
112.4 372 2.63 0.20 0.85 2.75 0.25
118.9 232 2.86 0.19 0.90 2.75 0.26
126.0 103 3.19 0.20 0.96 2,76 0.27
132.4 55.1 3.46 0.20 1.02 2.76 0.29
137.7 45.6 3.59 0.23 1.08 2.76 0.29
144.,2 24.3 3.82 0.24 1.16 2.76 0.30
0.49 M Bromoform in Polyphenyl Ether

100.2 186 2.93 0.18 3.36 2.92 0.39
105.2 126 3.10 0.16 3.67 2.92 0.44
110.5 88 .4 3.36 0.14 3.87 2.92 0.51
117.5 37.8 3.62 0.15 4.05 2.92 0.50
122.8 22.4 3.85 0.17 4.19 2.93 0.49
129.2 14.7 4.03 0.19 4,31 2.93 0.50
139.2 7.39 4.33 0.18 4.43 2.93 0.53

0.71 M Trichloroethylene in a Polystyrene Matrix

78.5 287 2.74 0.22 1.02 2.54 0.16
82.2 191 2.92 0.19 1.07 2.54 0.17
91.1 62.7 3.40 0.20 1.15 2.54 0.19
95.4 39.8 3.60 0.22 1.17 2.54 0.18
100.0 31.6 3.80 0.23 1.20 2.54 0.18
106.8 12.7 4.10 0.21 1.22 2.54 0.19

116.5 6.24 4.41 0.19 1.17 2.54 0.20



TABLE IV.2

continued...
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‘ 6 3 .

T (K) 1071 (s) logf . B 107e" o €, u (D)
0.62 M Trichloroethylene in o-Terphenyl

107.2 610 2.91 0.20 2.70 2.73 0.32
111.7 196 3.15 0.21 2.89 2.73 0.33
116.7 113 3.44 0.19 2.99 2.73 0.36
120.5 58.0 3.63 0.19 3.09 2.73 0.37
124.7 37.1 3.84 0.21 3.19 2.73 0.37
128.8 23.3 4.01 0.22 3.30 2.73 0.37
133.4 15.7 4,19 0.23 3.36 2.74 0.37
138.2 10.3 4,32 0.24 3.41 2.74 0.37
144,2 4,71 4.53 0.25 3.31 2.74 0.37
0.72 M Trichloroethylene in Polyphenyl Ether

101.1 775 2.31 0.18 5.15 2.88 0.40
105.8 551 2.46 0.16 5.36 2.88 0.44
110.9 172 2.96 0.18 5.56 2.88 0.44
115.2 103 3.19 0.22 "5.76 2.89 0.41
121.3 33.6 3.67 0.19 6.03 2.89 0.45
125.5 17.5 3.96 0.19 6.19 2.89 0.48
130.9 11.2 4.15 0.22 6.37 2.89 0.46
137.9 6.81 4,37 0.25 6.39 2.89 0.45
0.91 M Pyridine in o-Terphenyl

78.4 50.6 3.50 0.18 21.91 2.81 0.66

84.0 19.6 3.91 0.18 23.02 2.81 0.69

89.6 7.52 4,33 0.21 23.77 2,78 0.68

93.0 5.27 4,48 0.23 24,25 2.79 0.67

99.2 2.78 4,76 0.27 25.16 2.81 0.65
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TABLE 1IV.2: continued...
T (K) 108+ (s) logf 8 103¢" € (D)
) ma i  max. ) H
0.90 M 4,Methyl Pyridine in o-Terphenvyl
105.1 1703 1.98 0.17 11.44 2.76 0.58
112.3 666 2.38 0.19 12.64 2.76 0.59
118.6 311 2.73 0.17 13.46 2.76 0.66
123.7 131 3.08 0.17 14.17 2.76 0.69
128.6 60.8 3.42 0.17 14.87 2.76 0.73
135.2 27.5 3.76 0.19 15.80 2.76 0.73
141.1 14.5 4.04 0.20 16.54 2.76 0.74
148.3 7.37 4.33 0.23 17.66 2.77 0.73
154.3 3.92 4.61 0.23 18.14 2.77 0.76
0.85 M 4,Methyl Pyridine in Polyphenyl Ether
104.1 1609 2.00 0.16 12.64 2.89 0.63
110.6 388 2.61 0.17 13.02 2.89 0.67
116.3 204 2.89 0.17 13.84 2.89 0.68
120.7 80.4 3.30 0.18 14.51 2.89 0.70
133.8 6.83 4.37 0.22 17.01 2.90 0.72
145.5 2.61 4.79 0.25 18.92 2.91 0.73
155.5 1.23 5.11 0.27 19.73 2.93 0.75
0.89 M Fluorobenzene in o-Terphenvyl
79.1 32.8 3.68 0.17 19.15 2.75 0.65
84.0 16.5 3.98 0.19 20.09 2.76 0.65
88.8 8.57 4.27 0.21 20. 35 2.74 0.64
94.1 5.13 4.49 0.24 20.86 2.74 0.63
98.8 3.10 4,71 0.26 21.15 2.75 0.62



TABLE 1IV.2:

cont

inued...

83

6 3 " '

T (K) 107t (s) logfmax B 10~ e max €. u (D)
0.72 M Chlorobenzene in o-Terphenyl

98.6 979 2.21 0.18 8.89 2.74 0.54
104.9 361 2.64 0.16 9.76 2,73 0.62
110.9 127 3.10 0.18 10.36 2.74 0.62
117.2 47.8 3.52 0.17 10.97 2.73 0.67
126.6 14.8 4,03 0.20 12.03 2.74 0.68
134.1 7.49 4.33 0.22 12.74 2.7¢4 0.68
139.3 4.33 4,57 0.22 13.04 2.75 0.70
0.41 M Chlorobenzene in Polyphenyl Ether

104.2 890 2.57 0.20 5.61 2.91 0.54
109.9 426 2.90 0.18 6.35 2.91 0.62
116.0 65.3 3.39 0.20 7.17 2.91 0.64
121.3 27.5 3.76 0.19 7.47 2.91 0.68
127.2 13.4 4.08 0.21 7.75 2.92 0.69
133.0 6.92 4.36 0.23 8.07 2.92 0.68
138.6 3.65 4,64 0.23 8.28 2.92 6.70
0.57 M Bromobenzene in o-Terphenyl
115.2 1226 2.01 0.18 4,87 2.73 0.49
119.7 833 2.28 0.17 5.26 2.73 0.53
124.5 521 2.49 0.18 5.53 2.73 0.54
130.6 170 2.87 0.21 5.80 2.73 0.53
136.2 98.3 3.21 0.17 6.14 2.73 0.61
141.0 55.4 3.46 0.17 6.39 2.72 0.64
146.4 22.1 3.76 0.17 6.77 2.72 0.67
151.8 13.0 4.09 0.18 7.01 2.72 0.67
157.0 8.36 4.18 0.19 7.36 2.72 0.68
163.7 6.48 4,39 0.22 7.61 2.72 0.66
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TABLE IV.2: continued...
T (K) 10%+7 () logf 8 103¢"
g max ' € max Cw H (D)
0.58 M Bromobenzene in Polyphenyl Ether
113.0 1102 2.06 0.16 7.78 2.89 0.62
118.0 692 2.36 0.15 8.26 2.89 0.68
122.8 271 2.77 0.15 8.57 2.89 0.70
128.2 131 3.08 0.18 9.01 2.89 0.67
132.9 72.4 3.34 0.18 9.34 2.90 0.69
137.2 40.5 3.59 0.17 9.60 2.89 0.73
143.7 21.3 3.87 0.19 10.13 2.90 0.73
148.8 12.1 4.12 0.20 10.51 2.90 0.74
153.7 8.48 4,27 0.21 10.83 2.90 0.74
160.3 5.23 4,48 0.22 11.10 2.91 0.75
0.70 M o-Dichlorobenzene in a Polystyrene Matrix
80.2 137 3.07 0.17 15.68 2.56 0.70
83.8 79 3.30 0.16 16.42 2.55 0.75
88.7 27.7 3.76 0.16 17.28 2.54 0.79
90.8 17.5 3.95 0.16 17.71 2.54 0.81
93.8 10.5 4.18 0.18 18.55 2.54 0.80
97.1 7.03 4.36 0.20 19.26 2.55 0.79
100.9 3.77 4.63 0.21 19.79 2.56 0.79
102.7 2.97 4.73 0.21 20.09 2.56 0.81
0.63 M o-Dichlorobenzene in o-Terphenyl
80.4 709 2.35 0.18 11.89 2.74 0.60
85.4 341 2.67 0.15 12.70 2.73 0.70
91.4 110 3.16 0.16 13.65 2.72 0.73
95.8 45.0 3.55 0.18 14.32 2.73 0.72
99.5 27.0 3.77 0.20 15.06 2.73 0.72
102.2 16.4 3.99 0.21 15.56 2.74 0.72
106. 4 9.63 4,22 0.22 16.21 2.74 0.73
110.2 6.17 4,41 0.23 16.54 2.74 0.74
114.1 3.91 4.61 0.24 16.91 2.75 0.74
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TABLE IV.1 continued...
T (K) 10%1 (s) logf B 103" |
g max € max £ u (D)

0.56 M o-Dichlorobenzene in Polyphenyl Ether

80.5 1726 1.97 0.18 15.79 2.95 0.71
84.0 1054 2.18 0.17 16.96 2.92 0.77
89.5 347 2.66 0.17 17.85 2.88 0.82
94.0 120 3.12 0.18 18.87 2.88 0.84
96.3 78.9 3.30 0.19 19.48 2.88 0.84
100.9 30.8 3.71 0.18 20.17 2.87 0.90
103.4 19.7 3.91 0.19 20.81 2.88 0.90
107.9 10.1 4.20 0.21 21.81 2.89 0.90
112.9 5.43 4.47 0.23 22.65 2.89 0.89
114.8 3.83 4.62 0.25 23.09 2.90 0.88
0.66 M Nitrobenzene in a Polystyrene Matrix

92.5 1066 2.17 0.14 19.27 2.79 0.90
102.4 344 2.66 0.14 22.15 2.79 1.00
108.6 114 3.14 0.15 23.87 2..80 1.03
112.1 104 3.24 0.15 23.97 2.80 1.06
123.8 13.2 4.08 0.17 27.95 2.80 1.12
134.0 7.32 4,34 0.20 29.90 2.82 1.12
114.5 3.15 4.70 0.21 30.93 2.83 1.15
0.67 M Nitrobenzene in o-Terphenyl

117.8 493 2.51 0.14 8.50 2.79 0.67
122.5 276 2.76 0.15 8.97 2.79 0.68
131.1 123 3.11 0.15 9.73 2.79 0.73
139.8 45.5 3.54 0.15 10.50 2.79 0.79
147.1 19.8 3.80 0.16 11.20 2.79 0.81
153.6 14.4 4,04 0.21 11.84 2.81 0.75
161.4 8.47 4,27 0.21 12.41 2.80 0.77
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TABLE 1V.2 continued...
T (K) 108+ (s) logf 8 03en

max ' max € u (D)
0.48 M Nitrobenzene in Polyphenyl Ether
110.4 1221 2.12 0.14 8.94 2.99 0.76
116.4 458 2.54 0.15 9.37 2.99 0.84
122.0 220 2.86 0.14 9.91 2.99 0.89
127 .4 97.9 3.21 0.14 10.39 2.99 0.99
133.4 47.9 3.52 0.12 10.95 2.98 0.96
138.4 24.8 3.81 0.14 11.47 2.99 0.98
145.0 11.5 4.14 0.15 12.16 2.98 1.00
151.9 5.09 4.50 0.15 12.66 2.99 1.01
0.77 M Benzonitrile in o-Terphenyl
166.2 1097 2.16 0.19 14.49 2.80 0.83
172.9 702 2.36 0.18 15.59 2.80 0.90
177.8 379 2.62 0.18 16.18 2.80 0.93
184.0 174 2.96 0.19 17.13 2.80 0.95
190.1 101 3.19 0.19 18.06 2.80 0.99
196.3 52.1 3.49 0.19 18.85 2.80 1.02
204.2 25.6 3.79 0.19 19.96 2.80 1.07
211.4 14.8 4.03 0.20 20.95 2.80 1.09
219.8 8.20 4,29 0.19 22.03 2.80 1.12
0.64 M Benzonitrile in Polyphenyl Ether
160.0 1071 2.17 0.17 15.49 2.99 0.94
163.6 689 2.36 0.18 16.15 2.99 0.94
168.1 410 2.59 0.17 16.64 2.99 0.99
174.8 178 2.95 0.18 17.62 2.99 1.02
180.6 89.9 3.25 0.17 18.39 2.99 1.08
185.7 53.6 3.47 0.18 18.95 2.99 1.09
190.5 29.8 3.73 0.19 20.08 3.00 1.10
196.0 18.1 3.94 0.20 20.86 3.00 1.11
201.9 10.5 4.18 0.21 21.90 3.00 1.13
208.8 5.39 4. 47 0.21 23.03 3.00 1.15
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continued...
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6 3 [} !
T (K) 1071 (s) logfmax 8 107 max € u (D)
0.52 M 1-Chloro-naphthalene in o-Terphenyl
100. 4 1672 1.98 0.21 5.36 2.73 0.46
105.0 698 2.36 0.21 5.75 2,73 0.49
109.8 501 2.60 0.18 6.11 2.73 0.55
114.6 189 2.82 0.19 6.45 2.73 0.57
119.5 102 3.19 0.21 6.78 2.73 0.57
124.5 44,2 3.56 0.19 7.04 2.72 0.62
129.6 20.9 3.80 0.20 7.40 2,72 0.64
133.9 18.3 3.94 0.23 "7.73 2.73 0.62
138.7 10.3 4.19 0.25 8.08 2.73 0.61
146.1 L4076 4,53 0.25 8.30 2,73 0.64
0.66M 1-Chloro-naphthalene in Polyphenyl Ether
103.4 1380 2.06 0.19 9.21 2.88 0.56
109.6 601 2.42 0.17 9.83 2.88 0.63
114.4 208 2.88 0.19 10.29 2.88 0.62
119.6 98.2 3.21 0.20 10.80 2.89 0.63
123.9 50.0 3.50 0.20 11.20 2.88 0.66
129.0 23.3 3.83 0.21 11.70 2.89 0.67
133.2 13.5 4.07 0.22 12.17 2.89 0.67
137.7 9.06 4.25 0.23 12.61 2.89 0.68
145.3 3.94 4.61 0.24 13.12 2.89 0.70
0.65 M p-Chlorotoluene in o-Terphenyl
204.7 1195 2.12 0.22 17.77 2.72 0.84
210.6 887 2.26 0.20 19.35 2.72 1.16
218.2 382 2.62 0.22 20.41 2.72 1.16
244,9 281 2.75 0.19 21.35 2.71 1.29
230.7 182 2.94 0.16 24.90 2.70 1.34
240.6 51.4 3.29 0.23 32.81 2.71 1.50
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TABLE IV. 2 continued...
T (K) 10%1 () logf 8 103" e 1 (D)
max max ©

0.36 M p-Chlorotoluene in Polyphenyl Ether

197.3 934 2.20 0.20 11.40 2.95 1.11
203.6 652 2,39 0.19 11.86 2.95 1.18
209.0 428 2.57 0.18 11.97 2.95 1.23
214.2 240 2.82 0.19 12.31 2,95 1.24
218.9 166 2.98 0.19 12.45 2.95 1.26
222 .4 93.5 3.23 0.20 12.83 2.95 1.25
'228.9 67.9 3.37 0.19 12.91 2.95 1.30
234.2 44.4 3.56 0.17 13.17 2.94 1.41
239.7 23.3 3.80 0.19 14,20 2.95 1.40
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FIGURE 1IV.1l1 Loss versus log frequency for o-dichloro-

benzene in a polystyrene matrix
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CHAPTER V

RELAXATION PROCESSES OF SOME

ANISOLES AND ACETOPHENONES
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INTRODUCTION

Dielectric absorption techniques have variously
been used for the study of molecular and/or intramolecu1a¥
motions of numerous molecules containing rotatable polar
groups, particularly in dilute solutions of non-polar
solvents. Such studies have often been complicated by
the overlap of the molecular and the intramolecular
processes, requiring a Budo analysis which in a number of
cases, is now known to be unsatisfactory (1) for the
interpretation of ‘relaxation data. However, by dispersing
the polar molecules in a polymer matrix such as in poly~-
styrene, 1t has been found possible by Davies et al
(2,3) and Walker et al (4-14) that in a number of cases
the intramolecular absorption process can be separated
completely from the molecular relaxation owing to the high

viscosity of the medium,

In recent years, considerable interest has
been shown iIn establishing accurate energy barriers to
methoxy and acetyl groups rotatiog and in examining the
factors such as steric and conjugative effects which in-
fluence their barrier. Molecules which have a methoxy

group attached to an aromatic ring have been widely studied
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by dielectric techniques (15-18). The molecules have

been examined either as a pure liquid or as a solute in

a dilute solution of a non-polar solvent and the absorption
has been observed in the microwave region. In all cases
the molecular and group absorptions have overlapped and
the relaxation time obtained for the group rotation
(deduced from a Budd analysis (1)) indicate that the
methoxy group has a high degree of mobility. Mazid et al
(8), from their dielectric studies in a polystyrene matrix,
concluded that "in the absence of appreciable steric or
mutual conjugative effects the barrier to methoxy group
relaxation, attached to a conjugafed system, is low and

of the order of 10 kJ mol T."

The energy barrier to acetyl group rotation,
when the acetyl group is attached to an aromatic ring, has
also received some attention. McLellan and Walker (4)
studied the acetyl group relaxation in some aromatic
ketones dispersed in a polystyrene matrix and determined
the energy barrier for the intramolecular process in a
few cases. For example, for both 4-acetylbiphenyl and 2-
acetylfluorene the acetyl group relaxation was completely

separated from the molecular process, and accurate
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enthalpies of activation for each process were obtained.
Recently Mazid et al (1l1l) studied eight phenyl-alkyl
ketones of the type C6H5COR where R is varied from CH3

to in a polystyrene matrix. He found an intra-

C10f21
molecular relaxation process in each case with an enthalpy
of activation of the same order of magnitude (AHE =

V30 kJ mol—l) as that for acetyl group relaxation in

acetophenone, 4-acetylbiphenyl and 1,4-diacetylbenzene (4)-

Thus, the foregoing review indicates that the
energy barrier for acetyl group‘rotation differ copsider—
ably from that for methoxy group rotation and merit furthgr
examination. Therefore, it seemed worthwhile to in-
vestigate dielectrically a number of anisoles and aceto-
phenones (listed in. Figure V.1l) dispersed in (i) a
polystyrene matrix, (ii) o-terphenyl and (iii) polyphenyl
ether. Such a procedure has prbvéd successful in the
study of suitable intramolecular motion and also in the
determination of the energy barrier for an intramolecular

and/or molecular relaxation process separately.

V.2 EXPERIMENTAL RESULTS

The dielectric measurements of a number of
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methoxy and acetyl groups containiﬁg molecules (listed
in Figure V.1) have been‘ﬁade iﬁ £he frequency range
of lO2 to lO5 Hz by the use of a General Radio bridge,
the procedure being described in Chapter III. The

solvents used are: (1) polystyrene, (ii) o-terphenyl

and (iii) polyphenyl ether.

"o "
Sample plots of loss factor (g" = € (obs)
" . .
€ (solvent)> versus logarithm (frequency) are shown in

Figures V.2 to V.4, while Figures V.5 and V.6 show the
plots of loss factor, €', versus temperature, T(K).
Figures V.7 to V.11 show the sample plots of logTT versus

1/T.

Table V.1 lists the results from Eyring
analyses, while Table V.2 summarizes the Fuoss-Kirkwood
analysis parameters together with the values of €_ and the

experimental dipole moments.

V.3 DISCUSSION

The Eyring analysis results and the Fuoss-
Kirkwood analysis parameters for the molecules listed in

Figure V.1 have been presented in Tables V.1l and V.2,
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respectively. Table V.2 also gives the values of e, and
apparent dipole moments corresponding to the dispersion

at a particular temperature,. The relaxation times and the
free energies of activation have been shown at temperatures

which are close to the individual absorptions.

Figure V.7 shows the plot of logTT versus 1/T

for anisole in o-terphenyl and the Eyring analysis of which

_ - .=1 -1
gave AHE = 11.0 0.5 kJ mol —, AGE(lOO K) 15.3 kJ mol ~,
1 -1

Ti00 g = 4-9%107° s, and S, = -43.3 £5.6 J K~ ' mol

(Table V.1). There may be two relaxation candidates in
this molecule, one béing the molecular relaxation and the
other methoxy group relaxation. But bromobenzene, a
molecule which Courtald models indicate is slightly smaller
in size, gave higher values of AHE (= 17.4 *1.1 kJ mol—l),

20.7 kJ mol_l), 3.3x10°2 s), and

1

Y100 &

mol—l) in the same solvent

A6g (100 k) €=
ASp (= -33.3 8.1 7J K~
(Chapter IV). On the other hand, the observed value of
AHE (= 11.0 kJ mol—l) is in good agreement with the value
of 11 kJ mol ! obtained by Griendley et al (19) from a
somewhat emperical approach for methoxy group rotation in
anisole. Therefore, these results suggest that the

observed process in anisole may contain maximum contribution

from the methoxy group rotation. Earlier investigators
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(15,17,20,21) also indicated that methoxy group rotation

contributes to the total dielectric absorption of anisole.

para-Methyl anisole has been chosen as an
important molecule for this study because the methyl group
moment 1is directed into the ring and opposes the resultant
fixed component of the moment from the anisole part of the
molecule on the long axis so this molecule has virtually
no component of the dipole moment along "this axis and con-
sequently the only process to be detected is group re-
laxation. Farmer and Walker (15), from their dielectric
studies of para-methylanisole in para-xylene at 25°C at
microwave frequencies, suggested that methoxy group
relaxation predominates in this molecule. Table V.1l shows
that para-methylanisole gave one absorption process in
a polystyrene matrix. However, two absorption processes
were found in both o-terphenyl and polyphenyl ether. The
process in the liquid nitrogen temperature region is com-
mon in all the three media and yielded almost identical
values of AH A

g’ 2Cg(¢100 x)° T100 Kk°*

These observed values of AHE (v8 kJ mol—l) and other

and ASE (see Table V.1).

parameters for this molecule seems to be too low for the

molecular process when compared to the corresponding
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values obtained for para-chlorotoluene, a rigid molecule.

of smaller size, in all these three media (Chapter IV).

Mazid et al (8) obtained AHE values of ~10 kJ mol-l

for methoxy group rotation in substituted anisoles.

1

Thus, the enthalpies of activation (AH_ = 8 kJ mol )

E
obtained for para-methylanisole for the low temperature
process is consistent with the values reported by

Mazid et al (8) and indicates that the process is

methoxy group rotation.

The high temperature process of para-methyl-

anisole in o-terphenyl yielded AHE = 210 kJ mol—l,

_ -1 -1 ‘ -1

ASE = 710 J K mol ~, AGE(ZOO K) 37.6 kJ mol —,
= 1.7‘1:10-3 s. These parameters for this process

T200 K

were evaluated by linear regression of the equation

(11 - 22). The measured glass transition temperature,

Tg’ of the sample was found to be n211 K. All these results
suggest a cooperative motion of the whole molecule together

with the associated solvent molecules. Similarly the

1, ASE = V651 J K-1 mol—l,

_ =1 _ -2
AGE(ZOO g) = 45.6 kJ mol and Ts00 K = 2.4x10 s,

evaluated for the higher temperature process of para-

value of AHE = A213 kJ mol

methylanisole in polyphenyl ether with Tg = 252 K
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may be ascribed to the cooperative motion of the whole
molecule together with the segments of the polymer chain

(see Chapter VI-VII).

Table V.1 shows that para-chloro-, para-
bromo-, and para-iodoanisoles in o-terphenyl absorbed
in almost the same temperature region and yielded
identical values of Eyring parameters, within the limits

of experimental error. The temperature region and the

1

values of AH_ (= ~8 kJ mol "), AG w15 kJ

E(100 k)
-1

. -5 4
mol ~), and T100 K (= 3-4%10 s) for these para-halo-

anisoles are of the same order of magnitude for group

E

rotation in para-methyl anisole.

para-Dimethoxybenzene was studied in o-
terphenyl and polyphenyl ether and absorption porcess was
found in the region of liquid nitrogen temperature in
both the media. Figure V.9, gives the sample plot of logTrt
against 1/T for para-dimethoxy benzene in polypheqyl
ether. The Eyring analysis gave AHE = 3.3 %0.3 a;d 5.4
0.4 kJ mol™'; AS_ = -101.9 and -80.8 J K mol;

AGE(lOO K) = 13.6 and 13.6 kJ mol—l; and T100 K ~
6.0x10"% and 6.3x10°% s in o-terphenyl and polyphenyl

ether, respectively. These low barriers for this molecule
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may be attributed to group rotation. Previous workers
(15-17) have examined para-dimethoxy-benzene in
cyclohexane and benzene at microwave frequencies. They
obtained unusually short relaxaéion time for this
molecule and concluded that the principal mechanism of
relaxation is the rotation of the two OCH3 groups about
their bonds to the ring. Recently, Mazid et al (8),
from their dielectric studies 1in a polystyrene matrix,
characterize methoxy group rotation in a similar
molecule, i.e. 2,6-dimethoxynaphthalene, with comparable
values of activation parameters (AHE = 11 *1 kJ mol—l,
5

14 kJ mol™ ! and 1 = 1.5x10"

150 K s) .

ACg (150 K)
Therefore, it would seem likely that methoxy
group rotation predominantly contributes to the dielectric
relaxation of the above mentioned anisoles. Also, the
results of para-methyl-, and para-haloanisoles <clearly
indicates 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.

Acetophenone, a molecule where the keto
group is conjugated with the T-electrons of the benzene

ring, has been extensively studied in order to gain some
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appreciation of the behavlour of acetyl group relaxation.

A far-infrared study (22) of acetophenone in
the gas phase gave a value of 13.0 kJ mol—1 for
acetyl group relaxation. Ab initio calculations (23)
yielded 18.4 kJ mol—l. Grindley et al (19) have estimated
from n.m.r. data on para-substituted acetophenones
that the energy barrier to group rotation in acetophenone
is 26 kJ mol Y. A detailed dielectric study has
been made for acetophenone and the results are given in
Table V.1 at two different molar concentrations in all
the three media, i.e. polystyrene matrices, o-terphenyl
and polyphenyl ether. The data in polystyrene matrices
are provided for comparison through the courtesy of (i)
McLellan and Walker (4) for 0.27 M solution, and (ii)
Mazid et al (11) for 0.48 M solution. It should be
noted that these workers, from their dielectric studies
of acetophenone and different substituted acetophenones,
concluded that the barrier to acetyl group rotation is

of the order of 30 kJ mol—l.

Sample plots of dielectric loss versus
logarithm (frequency) are shown in Figure V.3 for

0.23 M acetophenone in polyphenyl ether, while Figure V.10
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shows the plots of logTT versus 1/T for acetophenone

(at mentioned molar concentraions) in all the three

media. Table V.1l shows that the enfhalpieé of activation,
AHE (V30 kJ mol_l), and other relaxation parameters
obtained by this work for acetophenone in o-terphenyl

and polyphenyl ether are in good agfeement, well within
the estimated experimental error, with the corresponding

values reported by earlier workers (4,11) for acetyl

group rotation in acetophenone in a polystyrene matrix.

The effect of concentration on the relaxation
parameters of acetophenone in different media seems to
be more interesting. Borisova and Chirkov (24) frdm a
limited study found that the energy barrier for molecular
relaxation of small molecules in a polystyrene matrix
increased with concentrations of solute above about 5 to 7
mol percent. Hains and Williams (25) have reported
a similar result, concluding that this effect is:linked
to the fact that, as solute concentration is increased,
the surroundings of a given molecule are altered from
simple polymer segments to some mixture of polymer
segments and other solute molecules. The present results

indicate that the change of the concentration of the solute
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from v0.2 M to v0.9 M does not change appreciably tﬁe
magnitude of the intramolecula; energy barrlers and other
relaxation parameters except the dielectric loss factor
(Table V.1 and V.2). Thus, it would seem more likely
that the group relaxation is less sensitive to environ-
ment than molecular relaxation. However, it was found

", increases propor-

that the dielectric loss factor, €
tionally with the increase of solute concentration.
Table V.3 shows that in each medium the quantity

(e /concentration) at a particular value of

maximum

log(frequency)maximum remains almost constant ir-

respective of the solute concentration.

para-Bromoacetophenone showed only one
"family of absorption curves (Figure V.4) which occurred
in the temperature range 187-209 K in o-terphenyl.

An Eyring plot of the data 1is given in Figure V.11 which
1

yielded AHE = 32.9 *3.1 kJ mol ~, AGE(ZOO K) = 30.9
-1 -5
kJ mol 7, To00 K 2.9x10 s, and ASE = 13.2 *16.0
1 1

J K~ mol ~. Table V.1l shows that these parameters
obtained for para-bromoacetophenone are almost similar,
within the limits of experimental error, to the corresponding

values obtained for acetyl group rotation in acetophenone.
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This indicates that the insertion of a para-bromo group
does not appreciably influence the acetyl barrier, which
is consistent with the behaviour of bara—methyl and para-

halo groups in anisoles.

para-Methyl- and para-nitroacetophenones
were examined in o-terphenyl from liquid nitrogen
temperature up to above the glass transition temperature,
Tg (=243 K (26)), of the solvent. Figures V.5 and V.6
show the plots of dielectric loss versus temperature,
T(K), at 1 kHz frequency for para-methyl- and para-
nitroacetophenones, respectively. These plots indicate
no sign of any detectable absorption process in the
temperature/frequency range available in the glassy
o-terphenyl; but only the cooperative process of the
solvent above its Tg was observed. The absence of
intramolecular or molecular absorption process for
these molecules in o-terphenyl may be attributed either
to weak absorptions or the process has merged with the
high loss cooperative process of the solvent. The
asymmetric nature of the curves in the temperature range

220-240 K (Figures V.5 and V.6) suggest the latter is

the case. This is also supported by the fact that the
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perpendicular comppneﬁt of the dipole moment for these
molecules is virtually the same as for acetophenone and para-
bromoacetophenone and there is no good reason why the

acetyl group relaxation should‘noé be observed unless

it were overlapped by the more intense absorption of

the co-operative process,
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TABLE V.2 Tabulated Summary of Fuoss-Kirkwood Analysis

Parameters, €¢,'and Effective Dipole Moments

(u) for some Anisoles and Acetophenones

6 Pc I

T (K) 107t (8) logfmax R 107¢ max €, u (D)
0.80 M Anisole in o-Terphenyl

82.0 992 2.21 0.22 3.00 2.69 0.25

84.7 587 2.43 0.22 3.23 2.69 0.26

89.6 286 2.74 0.19 3.44 2.69 0.30

94.7 124 3.11 0.19 3.66. 2.68 0.32

98.4 61.7 3.41 0.19 3.85 2.68 0.33
102.2 43.0 3.57 0.23 4.00 2.69 0.31
105.8 23.2 3.84 0.23 4.17 2.69 0.33
109.0 14.3 4,04 0.23 4.33 2.69 0.34
115.1 9.74 4.31 0.25 4.50 2.69 0.34
120.2 3.86 4.61 0.20 4,47 2.69 0.38

1.03 M para-Methylanisole in Polystyrene Matrix

79.2 205 2.89 0.21 1.71 2.66 0.17
84.6 82.5 3.21 0.23 1.84 2.66 0.17
86.8 76 .0 3.32 0.30 1.87 2.66: 0.15
88.8 59.1 3.43 0.32 1.89 2.66 0.15
94.0 19.2 3.75 0.25 1.89 2.66 0.18
97.5 14.1 3.90 0.25 1.97 2.65 0.18
102.9 11.3 4.05 0.33 1.96 2.65 0.16
105.8 9.28 4.15 0.34 1.91 2.65 0.16
110.5 6.24 4.41 0.35 1.93 2.65 0.16

0.74 M para-Methylanisole in o-Terphenyl
Low Temperature Process

79.2 177 2.95 0.21 1.77 2.75 0.20
84.8 77.5 3.31 0.23 1.91 2.75 0.20
86.7 48.8 3.51 0.22 1.95 2.75 0.21
89.8 30.8 3.70 0.23 1.96 2.72 0.21
94.1 18.7 3.93 0.25 2.01 2.72 0.21
97.6 12.1 4.12 0.25 2.07 2.71 0.22
102.6 8.52 4.33 0.28 2.07 2.72 0.21
106.7 5.29 4.48 0.29 2.07 2.72 0.21

110.4 4.57 4.64 0.33 2.04 2.72 0.20
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TABLE V.2 continued...
T (K) 10%1 (s) logf B 103" e u(D)
max ©o
0.74 M para-Methylanisole in o-Terphenyl
High Temperature Process
199.9 1685 1.98 0.28 21.85 2.63 0.97
201.6 1041 2.18 0.25 22.58 2.62 1.05
203.4 365 2.64 0.25 22.48 2.62 1.05
205.0 137 3.06 0.27 22,59 2.63 1.02
206.8 52.3 3.48 0.29 22.39 2.63 0.99
207.6 38.6 3.61 0.30 23.22 2.63 0.99
209.4 11.9 4,13 0.35 21.80 2.64 0.90
210.2 9.42 4.23 0.37 22,05 2.65 0.88
213.4 3.50 4.66 0.49 . 20.39 2.67 0.83
0.76 M para-Methylanisole in Polyphenyl Ether
Low Temperature Process .
79.8 312 2.97 0.18 3.12 2.82 0.28
85.0 172 3.32 0.18 3.23 2.82 0.29
89.8 75.6 3.72 0.17 3.40 2.82 0.31
91.4 24.8 3.81 0.19 3.64 2.82 0.31
94,2 22.8 3.88 0.24 3.81 2.83 0.29
97.5 17.3 4.10 0.26 3.87 2.83 0.28
99.5 10.8 4,21 0.22 3.87 2.83 0.31
102.4 8.44 4,29 0.25 3.87 2.83 0.30
106.8 5.81 4.46 0.28 3.85 2.83 0.29
High Temperature Process
257.0 348 2.66 0.47 530.71 3.11 3.52
259.3 112 3.15 0.52 524,80 3.21 3.30
262.3 29.6 3.73 0.61 502.93 3.24 3.01
265.6 10.4 4,18 0.73 508.16 3.40 2,72
267.5 6.20 4,41 0.74 516.59 3.41 2.73
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TABLE V.2 continued...
T (K) 1081 (s) logf 8 103en e (D)
max max o H
0.49 M para-Chloroanisole in o-Terphenyl
80.2 368 2.74 0.18 0.96 2.80 0.19
86.3 96.4 3.12 0.20 1.05 2.80 0.20
92.1 62.0 3.41 0.28 1.11 2.80 0.18
96.8 46 .4 3.57 0.30 1.15 2.80 0.18
99.8 28.8 3.74 0.28 1.15 2.80 0.19
105.0 15.2 4$.02 0.27 1.18 2.80 0.20
110.0 9.88 4,21 0.27 1.18 2.80 0.20
0.43 M para-Bromoanisole in o-Terphenyl
87.2 608 2.91 0.20 1.07 2.78 0.21
91.7 191 3.15 0.22 1.09 2.78 0.21
96.7 102 3.44 0.26 1.12 2.79 0.20
100.5 60.3 3.63 0.28 1.14 2.79 0.20
104.7 36.2 3.84 0.29 1.17 2.79 0.21
108.8 25.1 4.01 0.31 1.19 2.79 0.20
113.4 17.2 4.19 0.30 1.17 2.79 0.21
118.2 10.4 4.31 0.31 1.16 2.80 0.21
0.37 M para-iodoanisole in o-Terphenyl
79.3 523 2.48 0.21 0.51 2.69 0.15
84.5 207 2.80 0.22 0.54 2.69 0.16
87.9 158 3.00 0.33 0.55 2.69 0.13
92.4 105 3.20 0.30 0.58 2.69 0.13
97.4 55.1 3.46 0.31 0.59 2.69 0.15
100.4 44.0 3.56 0.30 0.62 2.69 0.15
106.5 21.5 3.87 0.29 0.59 2.69 0.16
110.7 14.1 4.04 0.31 0.59 2.69 0.16
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TABLE V.2 continued...
T (K) 1061(5) logf 8 103" € u (D)
max max e
0.63 M para-Dimethoxybenzene in o-Terphenyl
79.2 21.1 3.88 0.21 2.24 2.68 0.24
82.0 17.0 3.97 0.22 2.27 2.68 0.24
84.3 11.0 4.01 0.22 2.31 2.68 0.25
88.5 9.71 4.18 0.24 2.32 2.68 0.25
93.0 8.71 4.26 0.25 2.27 2.69 0.24
95.0 7.48 4.33 0.27 2.27 2,69 0.24
99.6 6.25 4.41 0.26 2.16 2.69 0.24
102.7 5.64 4.45 0.28 2.03 2.69 0.23:
106.0 4.50 4.55 0.29 2.03 2.69 0.23
0.67 M para-Dimethoxybenzene in Polyphenyl Ether
79.3 46.9 3.53 0.18 4.52 2.86 0.35
83.2 26.4 3.78 0.20 4,70 2.86 0.35
85.1 23.3 3.83 0.21 4,78 2.86 0.34
89.0 14.4 4.00 0.22 4.96 2.86 0.35
91.0 12.3 4.06 0.22 4.97 2.86 0.36
94.0 10.6 4,17 0.23 5.03 2.87 0.36
95.8 9.09 4,24 0.23 5.03 2.87 0.36
99.2 6.88 4.36 0.23 4,92 2.87 0.36
103.8 4.39 4.56 0.23 4.91 2.87 0.37
0.19 M Acetophenone in o-Terphenyl
172.5 503 2.50 0.18 4,66 2.73 1.01
177.6 236 2.83 0.19 4.88 2.73 1.02
182.1 128 3.09 0.20 5.12 2.73 1.04
188.2 72.1 3.34 0.20 5.31 2.73 1.07
192.6 43.8 3.56 0.20 5.50 2.73 1.10
197.3 27.1 3.77 0.20 5.71 2.73 1.14
202.1 19.7 3.91 0.22 5.91 2.73 1.12
206.7 11.5 4,14 0.22 6.08 2.73 1.15
211.9 7.88 4.31 0.20 6.07 2.73 1.21
216.7 5.84 4,44 0.23 6.25 2.73 1.16
222.8 3.57 4.65 0.24 6.36 2.74 1.16
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TABLE V.2 continued...
T (K) 10%1 (s) logf 8 103¢w € 1 (D)
max max had

0.88 M Acetophenone in o-Terphenyl

174.4 745 2.33 0.20 22.12 2.80 0.96
179.0 403 2.60 0.20 22.94 2,80 0.99
185.5 178 2.95 0.20 24.03 2.80 1.03
190.1 101 3.20 0.21 24.87 2.80 1.07
195.7 50.9 3.50 0.21 25.81 2.80 1.05
200.4 34.3 3.67 0.23 26.73 2.81 1.05
205.6 19.5 3.91 0.24 27.53 2.81 1.08
210.7 12.2 4.11 0.24 28.33 2.82 1.09
217.6 7.18 4,35 0.26 30.30 2.81 1.19
223.1 3.90 4.61 0.24 32.67 2.81 1.18
0.23 M Acetophenone in Polyphenyl Ether

165.0 651 2,39 0.21 6.61 2.95 0.95
171.6 275 2.76 0.21 6.87 2.95 0.99
178.1 119 3.13 0.20 7.09 2.95 1.05
183.9 62.1 3.41 0.20 7.35 2.95 1.08
191.8 22.3 3.85 0.19 7.84 2.95 1.17
197.4 13.8 4.06 0.22 8.25 2.95 1.13
203.7 7.30 4.34 0.22 8.59 2.97 1.17
208.9 6.22 4.41 0.24 8.81 2.96 1.14
214 .4 4.17 4.59 0.27 9.07 2.97 1.15
218.3 2.65 4.78 0.26 9.18 2.97 1.16
0.81 M Acetophenone in Polyphenyl Ether

171.5 832 2.28 0.22 24,21 2.97 0.95
178.5 377 2.63 0.21 25,40 2.97 1.02
184.8 171 2.99 0.21 26.48 2.97 1.06
190.4 83.3 3.28 0.22 27.75 2,97 1.07
197.3 38.1 3.62 0.23 28,96 2.98 1.09
202.7 21.3 3.87 0.23 29.98 2.98 1.12
207.2 14.3 4.04 0.24 30.98 2.98 1.13
211.9 8.60 4,27 0.24 31.62 2,98 1.15
218.7 4.37 4.56 0.25 32.37 2,99 1.16
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TABLE V.2 continued...
T (K) 1087 (s) logf B 103e" (D!
max ’ max Ew H )
0.34 M para-Bromoacetophenone in o-Terphenyl
186.5 106 3.12 0.20 2.59 2.76 0.55
190.1 86.5 3.24 0.26 2.66 2.77 0.50
193.4 65.2 3.42 0.24 2.76 2.77 0.53°
194.8 37.5 3.55 0.22 2.72 2.77 0.55
199.2 24.2 3.73 0.21 2.79 2.77 0.58
204.2 18.8 3.96 0.20 2.85 2.78 0.60
209.3 10.1 4,15 0.19 2.96 2.78 0.64



124

TABLE V.3
3x€"
logf 103xe" AL} S
max max conc.
0.27 M Acetophenone in a Polystyrene Matrix
2.21 11.39 42.98
2.62 11.84 44 .68
2.99 12.22 46.11
3.32 12.69 47.89
3.60 13.09 49.40
3.94 13.49 50.91
4.17 13.74 51.84
0.49 M Acetophenone in a Polystyrene Matrix
3.17 22,08 46.10
3.55 22,95 47.91
3.82 24,07 50.25
4.05 24,62 51.40
4.26 25.54 53.32
0.19 M Acetophenone in o-Terphenyl
2.50 4.65 24.64
2.82 4.87 25.80
3.09 5.11 27.08
3.34 5.31 28.12
3.55 5.50 29.12
3.76 5.71 30.21
3.90 5.90 31.26
4.13 6.07 32.14
4.30 6.19 32.76
4.43 6.25 33.08
4.64 6.36 33.68
0.88 M Acetophenone in o-Terphenyl
2,32 22.11 25.05
2.59 22.94 25.98
2.95 24.03 27.22
3.19 24,87 28.17
3.49 25,80 29,23
3.66 26.72 30.27
3.91 27.53 31.18
4,11 28.32 32.08
4.34 30.30 34.32
4.61 32.66 36.99
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TABLE V.3 CONTINUED...
3 10 xe"
logf 10 xe" — . max
max max conc.

0.23 M Acetophenone in Polyphenyl Ether
2.38 6.61 29.38
2.76 6.86 30.52
3.12 7.09 31.53
3.41 7.35 32.67
3.85 7.84 34.86
4,05 8.25 36.67
4.33 8.59 38.20
4.41 8.81 39.17
4.58 9.07 40.31
4.77 9.18 40.80

0.81 M Acetophenone in Polyphenyl Ether
2.28 24.21 30.04
2.62 25.39 31.51
2.98 26.48 32.85
3.28 27.75 34.43
3.62 28.96 35.93
3.87 29.97 37.20
4.04 30.97 38.43
4.26 31.61 39.22

4.56 32.36 40.16
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CHAPTER VI

DIELECTRIC RELAXATION OF ALIPHATIC

ESTERS
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VI.1 INTRODUCTION

The dielectric behaviour of aliphatic polar
molecules has recently been the subject of extensive
study by a variety of experimental and theoretical means.
Using the dielectric absorption technique in the micro-
wave region, Crossley et al have reported the flexibility
of straight-chain aliphatic amines (1), ketones (2),
bromides (3), and alkenes (4). The size of the alkyl
group R and the location of the polar group X on the
carbon skeleton of these compounds RX was varied, and
in some instances(5) the effect of solvent viscosity
was investigated. The relaxation data for l-bromoalkanes
(3) led them to suggest that dipolar reorientation
involves a variety of molecular segments containing the
—CHzBr group, whereas it was inferred that a polar end
group rotation makes a predominant contribution to the
absorption of l-aminoalkanes (1) and 2-alkanones (2) and
that the mean relaxation times are almost independent of
the size of the alkyl group. Madan (6,7) has made
dielectric measurements on solutions of aliphatic ketones
in different non-polar solvents. He interpreted his

results in terms of overall molecular rotation and/or
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by intramolecular rotation around R-C or R'~C bonds.
Recently, Walker et al (8) identified two absorption
regions from the dielectric study of long chain aliphatic
aldehydes in a polystyrene matrix. They also interpreted
the results in terms of molecular and intramolecular
motions. The relaxation data for the lower temperature
process (around 100 K region) "has been identified with
segmental rotation and probabiy,'with rotation about the

C-CHO bond as well."

Although these molecules containing a rotatable
polar group have so far been studied extensively, littlé
attention seems to have been paid to aliphatic esters.
McGreer et al (9), from their dielectric studies on esters
in the pure liquid state, suggested the relaxation of
polar molecular segmeﬁts presumably by rotation around
C-C* bonds. A detailed dielectric study of ten alkyl
acetates in benzene solution has been carried out by Higasi
et al (10). From their results they suggested that
there were more than two dispersions corresponding to
segmental reorientation and to molecular rotation as a
whole, while Crossley and Koizumi (11), from the

dielectric relaxation studies of aliphatic esters RlC*OOR2
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in cyclohexane solution at microwave frequencies,

considered that the dipole orientation of the methoxy

and ethoxy groups around C*-0 is very important particularly
in methyl and ethyl esters. Kano et al (12) studied the
same esters in cyclohexane at 25°9C at the frequency of

100 GHz. They also indicated that the dielectric absorp-
tion of these esters is dominated by intramolecular
mechanism. But, in contrast to Crossley and Koizumi (11)
who considered "that the dipole orientation of the
methoxyl and ethoxyl groups around their C;-O bonds 1is
very important especially for a few esters, the present
authors reached the conclusion that rotations of groups
around C-C bonds/or the 0-C bond play the dominant role in

the dielectric absorption of the aliphatic esters."
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The method of acoustic measurements 1is the
earliest technique used for studying the relaxations of
esters associated with conformational equilibria (13).
Based on ultrasonic results it was concluded that simple
esters of the lower carboxylic acids exhibit (14-18) an
ultrasonic relaxation process in the frequency region
1-30 MHz. The relaxation is caused by perturbation of
the equilibrium between two planar rotational isomers of

the form:

R, (@) Ry o)

1

trans Cis

The planar conformations are stabilized by the partial

double bond character of the central C%*-0 bond. Bailey
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et al (19-20), from their ultrasonic relaxation study
of simple aliphatic gsters, concluded that the energy
difference between tﬁe trans (low energy state) and

transition state is roughly constant in all the esters

1).

(36.8 *5.9 kJ mol
The lack of adequate ;and systematic dielectric

relaxation data and values for the energy barriers to

internal rotation in esters led us to examine dielectrically

a number of aliphatic esters in different organic glasses,

namely, polystyrene, o-terphenyl, and polyphenyl ether.

The object was to gain insight into the types of relaxa-

tion processes which can take place, if feasible, to

separate completely one process from another by changing

the solvent viscosity, i.e., by studying the molecules

in highly viscous solvents. In earlier microwave studies

(11,12) of aliphatic esters in dilute solutions of low

viscous solvents no such separation of processes has

ever been achieved, whereas in this work such a separa-

tion of processes has been effected in most of the cases.

The effect of conjugation on Eyring parameters for intra-

molecular motions in esters was also examined by stuéying

some of-unsaturated and vinyl esters. In some instances
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the conjugative effect on dielectric behaviour was
attempted to relate with the vibrational frequencies of
the esters, i.e., C*=0 and C*-0 stretching frequencies.
All the experimentally observed results indicate that

the dipole relaxations of these esters Rlc*OOR2 is
dominated by intramolecular rotation around the C-C* bond

and/or the C*-0 bond.

VI.2 EXPERIMENTAL RESULTS

The dielectric measurements for several
éliphatic esters in (a) polystyrene matrices, (b) o-
terphenyl and (c¢) polyphenyl ether have been made over
suitable ranges of temperature and frequency by the use
of a General Radio capacitance bridge as described in
Chapter III. The present study includes the investigation

of the following esters:

_ 0
; ’d
1. Methyl formate H - C*
: ~
OCH3
. 6'0
2. Ethyl formate H - C¥*
~ OCH.CH
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Propyl

Methyl

Methyl

Methyl

formate

acetate

acrylate

crotonate

Vinyl crotonate

Methyl propiolate

Vinyl chloroacetate

Vinyl bromoacetate

CH

CH

CH

CH

CH

Cl

Br

« 20

c
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~
OCH,CH,CH

~
OCH

272773

\Y
(o]

OCH

I
(9]
fa sl
I
9]
*

= CH - C¥*%
-
OCH

CH
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12.

13.

14,

15.

16.

17.

Vinyl propionate CH3

Vinyl butyrate CH3

Dimethyl oxalate ~

Methyl chloroformate cl -

Ethyl chloroformate cl -

Butyl chloroformate cl -

iso-Butyl chloroformate C(C1l

OCH
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~
OCH

0OCH,CH,CH,CH

-
- Cc*x”
-~

2

0

OCH,CH.CH

2

2

!
CH

3

2

3

3

fl

CH



Sample plots of loss factor (€"=€"(obs)—€"(solvent))
against logarithm (frequency) are shown in Figures VI-2
to VI-4, while Figures VI-5 to VI-9 show the plots of
logTTt versus T—l. Figures VI-10 to VI-12 show the sample
plots of "Cole-Cole", while Figures VI-13 to VI-15 show

"

the plots of loss factor, €'", versus temperature, T (K)/or

1nT.

Table VI-1 gives the values of "AHE" and "ASE"
evaluated from dielectric data as well as "AGE" and T values
at 100 K, 150 K and 200 K for every system. The wvalues
of C*=0 and C*-0 stretching frequencies for these esters
are also presented in the Table VI-1. The Fuoss-Kirkwood
analysis parameters for several aliphatic esters at

various temperatures are listed in Table VI-2.

VI-3, DISCUSSION

The relaxation data and activation parameters for
seventeen aliphatic esters, RlC*OORz, are presented in
Table VI-1. Formates are the first of the series in which
dipole relaxation may occur either by the rotation of.thé
alkoxy group around C¥*-0 bond or the molecule as a whole

or both. The infrared bands at 1160-1214 cm—l in
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formates (21-22) and the ultrasonlc relaxations in these
simple carboxylic esters (14,19-20) have been attributed
to rotational isomers which arise from restricted rotation

about the C*-0 bond owing to its partial double bond

character.

For asymmetrical barriers such as one in Figure

VI-1 both ultrasonic and dielectric absorption techniques

Figure VI-1 Enthalpy of activation diagram for an isomerization
of an aliphatic ester.
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vield a AHEzcnrrespondlng to the swlitch from the isomer
with the higher energy to that of the lower (30). It
would be expected that both methods would yield similar
AHEivalues providing the difference in medium does not
influence the value. The ultrasonic method also yields

AH®.

Methyl formate examined in polyphenyl ether
showed two dielectric absorption regions. The low tempera-
ture process was in the region of liquid nitrogen
temperature (84 - 109 K) and yielded values for the
enthalpy of activation (AHE = 4.2 *#1.1 kJ mol_l), and
entropy of activation (ASE = Av-95,0 J K--1 mol_l), while
the high temperature absorption process (233 - 246 K) yielded
AHE = 146 kJ mol—1 and ASE = 310 J K_l mol—l. The
parameters for the high energy process were evaluated
by linear regression of the equation (II-22). It is
to be noted (Table VI-1) that the relaxation time (T =

2.6x10_4

s), free energy of activation (AGE(200 K~ 36
kJ mol-l),»and the enthalpy of activation (AHE = 146 kJ
mol—l) obtained for this molecule are considerably higher.

These values are rather unexpected for a single molecular

relaxation of such a small molecule or for the rotation
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about the C*-0 bond. However, since the dielectric ab-
sorption occurs at a much higher temperature (>230 K),

it appears that the absorption might have arisen owing

to the lowering of glass transition temperature: indeed,
the measured glass transition temperature, Tg, of the
sample was found to be at V240 K, whereas the Ig of

pure solvent is V270 K (29); i.e., addition of methyl
formate lowered the Tg of polyphenyl ether by about 30 K.
Therefore, a cooperative motion of the whole molecule
together with the segments of the polymer chain is
believed to occur for this high temperature process of
methyl formate in polyphenyl ether.

The enthalpy of activation (AHE-= 4.2 +1.1 kJ mol-l)

1 mol-l) for

and entropy of activation (ASE = -95.0 J K_
the low temperature dielectric absorption of methyl for-
mate are not consistent with the ultrasonic results (AHE'=
32.6 kJ mol‘l) (19-20) for the barrier to internal rotation
about the C*-0 bond. The ultrasonic results of ASE,
however, are not known. Although barriers obtained by

two different techniques may differ, yet the value of 4.2

kJ mol ' seems to be too low compared to 32.6 kJ mol 1.

On the other hand, these low barriers for the low
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temperature dielectric absorption of methyl formate may
be compared with the relaxation parameters of similar-
sized rigid polar molecules, For example, bromoform,
which 1is slightly bigger in size than methyl formate,
exhibits dielectric relaxation in a similar range of
temperature (V100 K) in the same medium (Chapter 1IV)

1 1 -1

yieldingAHE = V8 kJ mol , ASE = n-80 J K - mol

4

Compared to size, the relaxation time, T (=2.0x10 = s),
and AGE (= 16.5 kJ mol_l) at 100 K for bromoform in

polyphenyl ether seems to be consistent with the values

of methyl formate in the same solvent (T100-K = 5.0 x 10_6 S,
-1

AGE(IOO K) 13.4 kJ mol 7). Another rigid molecule

of about similar size, that is pyridine, also showed

dielectric absorption in the temperature range (78 - 99 K)

in o-terphenyl and yielded comparable relaxation data
and ‘barriers (Chapter 1IV), i.e., AGE(lOO k) = 12.8 kJ

-1 -6 . -1
mol > T100 ¥ 2.3x10 s, AH_ = 8.4 +*1.1 kJ mol s

E
and AS; = -59 J k™! mo1™l. All these results, however,
suggest that the low temperature dielectric absorption-
of methyl formate in polyphenyl ether may be due to
the molecular process. The intramolecular process about

the C*-0 bond was not detected. It is probable that

this process was merged with the tail of the high loss
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cooperative process. This molecule was tried to
examine in polystyrene matrix in order to detect the
intramolecular process around the C*-0 bond. But due
to the low boiling point (V307 K) of methyl formate

polystyrene disk could not be made.

The dielectric absorption of ethyl formate in
polyphenyl ether was observed in the temperature range‘

115 - 141 K. Table VI-1 shows the values of AHE =

1 1 -1

21.8 +2 kJ mol mol

1.5x10 2 s, A

, ASE = 17.2 J K > T100 K

-1
GE(lOO K) 20.1 kJ mol ;, while the next

higher molecule, propyl formate, exhibited dielectric
absorption in polystyrene matrix in the temperature range

94 - 143 X, yielding AHy = 14.2 1.0 kJ mol ™', As =

-1 -1
4

2.3x10 ' s. Although there may be some variation

14.5 kJ mol-l, and
T100 K
in the values of energy barrier for the molecular relaxa-
tion in different media, yet the value of AHE (=21.8 kJ
mol_l) for ethyl formate seems to be quite high for the
single molecular process, and it is quite reasonable to
suggest that both molecular and intramolecular dipole
orientation contribute to the dielctric relaxation of

ethyl formate in polyphenyl ether.. But the ultrasonic
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=)

results for the same molecule (AHE = 25,5 kJ mol

(19-20,28) indicate that the observed process contains
maximum contribution from the intramolecular motion
around C*-0 bond. Ethyl formate, like methyl

formate, could not be studied in polystyrene matrix

due to its low boiling point (V325 K).

The enthalpy of activation for propyl formate,

AHE = 14.2 kJ mol_l, and other parameters (Table VI-1)

for the low temperature process (94 - 143 K) in

polystyrene matrix are comparable with the values of

AHE (=14 kJ mol_l) 1 mol_l),AG

(= 15.8 kJ mol_l), and T

s ASE (= =19 J K E(100 K)

100 K (= 8.5x10_5 s) for 4-
methyl pyridine (31) in the same solvent. Moreover,

the energy barrier obtained by the ultrasonic technique
for propyvyl formate for the rotation about the C*-0 bond
is AHE = 28.0 kJ mo1~1 (19,20), which is a quite large
value compared to 14.2 kJ mol—l. Thus, this observed
dielectric relaxation process of propyl formate is
possibly due to the rotation of the whole molecule rather
than to intramolecular motion; the group rotation

about the C*-0 bond, being sterically more hindered

in this molecule, therefore requires more energy.
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Table VI-1 shows that propyl formate in a
polystyrene matrix exhibited another higher temperature
absorption process (231 - 249 K) in a polystyrene
matrix and gave values of activation enthalpy and entropy
of 136.5 kJ mol_l and 295 J K'-1 mol-l, respectively.
These values would seem to be too high either for a
molecular or group process and may be accounted for
by the cooperative motion of the molecule with the
polymer chain. A number of other systems exhibiting
similar behaviour in polystyrene matrices have been
carefully examined by Mazid (31) and Khwaja (35) in this

1 mol-1

laboratory, and a relation of the form, ASE (J K~ P)

= =150 + 3.24 AHE (kJ mol_l), has been derived.
According to this equation, the calculated ASE value of -
292 J K-1 mol-1 is in good agreement with that obtained

from the Eyring analysis.

In other aliphatic esters, except the formates,
there is a possibility of internal rotation about the
C*-0 as well as the C-C%* bonds in addition to the

rotation of the whole molecule.

0
R, cxZ

¥

0R2
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It has been mentioned that the barrier to internal
rotation about the C*-0 bond in most simple esters

is between 25 to 50 kJ mol—l

(32(a)), whereas,
microwave spectroscopic results suggest that the
barriers to internal rotation about the single, C-C¥*,

bond in acetic acid and methyl acetate are about "2

1 (2(m)).

kJ mol
Dielectric studies of methyl acetate gave two
absorption regions in a polystyrene matrix, while only
one absorption process was found in both o-terphenyl
and polyphenyl ether. Table VI-1 shows that although
the low temperature process observed in a poiyetyrene
matrix and the process observed in the other two media
are almost in the same temperature range, yet the energy
barriers differ quite significantly. Hoﬁevér, the value
of AHE (= 2.4 kJ mol-l) in a polystyrene matrix may
be considered as a rough estimate, since the process
could not be studied over the whole frequency ranée of
the measurements as even at the lowest temperature the
aﬁsorption process started from logf.n;ax value of 3.43

(Table VI-2). And these low values (AH, = 2.4 $0.4 kJ

-1 -1 _ -1 .

= 14,5 kJ mol”

1

)
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in a polystyrene matrix are comparable to the corres-

ponding values in o-terphenyl (AHE = 6.9 *0.46 kJ moi-l;

1 -1

AG 14.8 kJ mol™ T, ASy = -78.9 3 k™' mo1™h).

E(100 K)
In addition, the values of relaxation time, T, at 100 K.
are 2.5}{10-5 s and 2.7x10-5 s in polystyrene and in o-
terphenyl, respectively, which are identical. When it

is borne in mind that the barriers for internal rotation
about the C-C¥* single bond obtained by microwave spectros-

1 (32(b)) this low energy dielectric

copy are "2 kJ mol
absorption process in polystyrene and in o-terphenyl

may be interpreted as due to the rotation about the

C-C* bond. On the other hand, the possibility of the
rotation of the whole molecule cannot be ruled out,
since bromoform, which is a similar-sized rigid molecule
but bigger than methyl formate (considered earlier),

yielded values of AHE = 10.4 kJ mol-l in o-terphenyl and

7.9 kJ mol™ ! in a polystyrene matrix (Chapter 1IV).

The results obtained in polyphenyl ether, i.e.,

1 -1,
3

AHp = 18.4 $0.4 kJ mo1™1; AS, = -2.1 J K~ mol

-1 _ -3
AGE(lOO ) 18.6 kJ mol ~; and T100 K = 2.5x10 s
for the relaxation process of methyl acetate are sig-

nificantly higher for the single molecular motion, which
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may involve some contribution from the high energy

relaxation about the C¥%-0 bond.

]

Table VI-1 shows the values of AHp (= 27.1 %1.5

kJ mol” 1), ASp (= -23.6 J g1 mol’l), AG

1

E(200 ) ¢ 30.6

kJ mol 5.0x10°° s) obtained for the

)3 Tyo0 x T
higher temperature relaxation process of methyl acetate in
a polystyrene matrix. The high beta (0.32 - 0.46)

values indicate also that it is more likely an intra-
molecular reorientation process (33). The most probable
intramolecular process with such a high energy barrier
(AHE = 27 kJ mol—l) would be the relaxation of the
methoxy group around the C*-0 bond. The ultrasonic

value of AHE (= 24.7 kJ mol—l) (19-20) is also consistent

with this proposed relaxation process.

In order to explore the effect of conjugation on
the internal rotation about the C*-0/or the C-C* bond
in aliphatic esters, the dielectric behaviour of aB-
unsaturated and vinyl esters was examined. In aB-
unsaturated esters the C-C* bond acquires some partial
double bond character with the resultant increase of

barrier to rotation about the bond, but in cases where



155a

this barrier becomes almost identical with that for
the rotation about the C*-0 bond, the separation of the

two intramolecular relaxation processes would be impossible.

Methyl acryiate and methyl crotonate were studied
in a polystyrene matrix, o-terphenyl, and in polyphenyl
ether. Both the molecules exhibited a dielectric ab-—
sorption process in almost the same temperature region
irrespective of the media. Figure VI-5 presents the plot
of logTT versus 1/T for methyl acrylate in polystyrene
matrix, which indicated the presence of two absorption
processes and yielded an overall enthalpy of activation,
AHE = 20.1 *1.1 kJ mol_l. However, when the two portions
of this plot were analyzed separately, the values of
18.6 and 23.6 kJ molﬂl were obtained for the enthalpies
of activation. This suggests that the observed intra-
molecular process 1is largely influenced by the two
overlapping intramolecular processes, where the barriers
to rotation differ slightly, but no such observation was
found from the plots of 1logTT versus 1/T for methyl
acrylate in the other two media and also for methyl

crotonate in all the three media. Figure VI-3 shows

some typical plots of €" wversus logf for methyl acrylate
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in polyphenyl ether, while Figure VI-6 shows the plots
of logTt versus 1/T for methyl crotonate in the three

media (polystyrene, o-terphenyl and polyphenyl ether).

Table VI-1 gives the values of dielectric re-
laxation parameters along with the Iinfrared stretching
frequencies of C#=0 and C*-0 bonds for methyl acrylate
and methyl crotonate. For saturated esters the C¥%=0
bond stretching frequencies are in the range of 1750-1735
em™ ! (21), but the lower values of 1729 and 1728 cm ©

(23) for methyl acrylate and methyl crotonate, respectively,

reflect the effect of conjugation. The Table VI-1 shows

1

that the values of enthalpy of activation (AHE in kJ mol ),

entropy of activation (ASE in J K--1 mol_l), free energy

of activation (4G, at 150 K and 200 K in kJ mol‘l), and
also the relaxation times (T at 150 K and 200 K in s) are
all quite similar in magnitude within the limits of experi-
mental error for both the molecules. The results are

also seen to be independent of the media, which suggests
intramolecular motion. Therefore, these high energy
barriers (AHE = 23 *3 kJ mol_l) for methyl acrylate and
methyl crotonate are probably due to the reorientational

motion around the C-C*/or the C*-0 bond, or an overlap

of both.
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Feairheller and Katon (34) have examined the
infrared spectrum of methyl acrylate, and their findings
are consistent with the presence of two rotamers (shown

below) :

H H
e
~c = ¢
- N,
H C—20
= AN
0 CH
3
cis
H
AN
C—H
4
H-— C
\c* o
// \CH3
0 !
trans

Bowles et al (23) have carried out intensity measurements
on certain infrared bands between 163 K and 473 K for
methyl acrylate and methyl  (trans) crotonate. They interpreted

their results in terms of an equilibrium between cis and trans forms
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in both cases. They also mentioned that the infrared
bands (Table VI-1) in the region of 1178 - 1202 cm-l
probably contain a contriBution from both the C-C*:0

and 0:C*-0 bond stretching motions,

Thus, it is quite reasonable to interpret the
dielectric absorption results for methyl acrylate and
methyl crotonate assuming a maximum contribution from
the intramolecular motion around the C-C* bond rather
than the C*-0 bond, but the low B values (v0.2) for
both the molecules and also the plot of logTT versus 1/T
for methyl acrylate in a polystyrene matrix (Figure VI-5)
support the presence of more than one intramolecular

process.

Although conjugation in vinyl crotonate (26-27)
may be different from that in methyl crotonate, yet dielectric
study showed that Qinyl crotonate absorbed 1in o-terphenyl
in the temperature range (152 - 193 K) and yielded values

1, 28.7 kJ

1

of AH_. (= 22.0 *1.6 kJ mol
6

» ACp(200 ¥) ¢*
i} ~ ) - -1
> To00 K (= 7.7x10 s), ASE (= -33.5 J K mol )

and B (= "0.2), whieh are almost identical with the

corresponding values of methyl crotonate in the same medium.
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Therefore, a similar interpretation can be drawn for
the dielectric absorption of vinyl crotonate, i.e.,
in terms of likely contributions from both the internal

rotations about the C-C¥%* and C*-0 bonds.

The barrier (AHE = 20 %3 kJ mol—l) for intra-
molecular motion in methyl acrylate and methyl crotonate
(also vinyl crotonate) is lower than that observed in
methyl acetate (AHE = 27.1 kJ mol_l) in a polystyrene
matrix. This discrepancy probably may be éxplained with
the help of Figure VI-1, Considering the ultrasonic
values of enthalpies of activation (kJ mol_l) for
methyl acetate (19—26) the diagram (Figure VI-1) can

be redrawn as:

(a) for CH3—— C*
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(b) whereas for:

_the case could be due to conjugation: o

AHE;~20 to 23

AHO> AHCin

l’ case ‘a’

although A.H'1>AHl in case (a), the much more increased value

of AH® (in case (b)) reduced the AHE_ value in case (b). The values of
2

AHC estimated from the dielectric data by the use of the following equation,

as employed by Meakins (43), are shown in Table VI.1

" = _,I_;___ - (o] =
€ ax = FT ©¥P (-AH®P/RT), where B = constant

However, it is to be noted that in most cases the AHP values are less

than the mean thermal energy and therefore, according to Meakins, could
not be considered reliably to be different from zero.
Conjugation in methyl propiolate is higher than

that in methyl crotonate which is reflected in the wvalues
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of the infrared stretching frequencies of C*=0 and

C*-0 bonds (Table VI-1l) as reported by Allan et al

(24). The results of dielectric measurements are

shown in Table VI-1 and in Table VI-2. 1In a polystyrene
matrix there were two absorption regions, whereas in o-
terphenyl and in polyphenyl ether only the low

temperature absorption process was observed.

For the low temperature process, Table VI-1
shows that the temperature region (85 -~ 125 K), values
of AHE (= v5.0 %21 kJ mol-l), and all other parameters
for methyl propiolate are identical within the limits of
experimental error in all the three media. This low
temperature process may be identified by means of the

molecular relaxation process.

The high temperature (165 - 198 K) dielectric

absorption process in a polystyrene matrix yielded wvalues

_ : -1 _ -1
of AHE = 45.0 kJ mol . AGE(ZOO k) = 33.8 kJ mol .

-1 -1 _ -1
ASE = 74.5 J K mol and To00 K - 2.0x10 s. These
high energy barriers are rather interesting. The most
likely interpretation for this process could be the result
of the overlapping of two intramolecular motions around

the highly conjugated C*-C and C*-0 bonds. The process
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was not obsexrved in o-terphenyl and in polyphenyl ether,

the reason for which may be attributed to the overlap of

the intramolecular process with the high loss cooperative
process of these two solvents at such high temperatures.

Figure VI-13 shows the sample plot of €' wversus T(K)

4

at 10" Hz frequency for methyl propiolate in o~terphenyl.

The dielectric behaviour observed for vinyl chloro-
acetate, vinyl bromoacetate, vinyl propionate and vinyl
butyrate is quite different from that observed for wvinyl
crotonate. Table VI-1l shows that all these four molecules
exhibited low temperature (79 - 133 K) dielectric ab-
sorption process in o-terphenyl. The enthalpies of
activation for vinyl chloroacetate and vinyl bromoacetate
are 2.5 #0.1 and 2.0 #0.1 kJ mol Y, respectively, while
the corresponding values for vinyl propionate and wvinyl
butyrate are 8.7 *0.1 and 9.1 *0.5 kJ mol_l, also the
values of AGE(lOO K), T100 K and other parameters are
almost similar. These results indicate that the observed
absorption process for these four molecules cannot be

identified with the molecular process, since for the

molecular process the enthalpy of activation for these
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identical-sized molecules should be the same. Moreover,
vinyl crotonate, almost the similar in size, gave higher

1), which is quite a reasonable

values (AH ~22 kJ mol
value for the intramolecular process of the conjugated
system. However, these results may be compared with

the low temperature process observed for methyl acetate
in polystyrene matrix and in o-terphenyl. The relatively
lower values AHE (v2 kJ molnl) for vinyl chloroacetate
and vinyl bromoacetate may be due to the fact that

the presence of halogen (electron withdrawing atom)

in the carbon atom, which is attached to the unsaturated
ester carbon atom, may decrease the C-C* bond-order,

thus permitting an increased flexibility to rotation
about the bond. Therefore, on comparison of all these
results for the low temperature process in vinyl esters
as well as in methyl acetate, it may be suggested that

in these esters the reorientational motion about the

C-C* bond is more facile and requires low energy barrier,
though this barrier to rotation about the C-C* bond

depends to some extent on the conjugative and steric

effects.

More recently Shukla (41) studied dielectric

absorption of alkyl methacrylate polymers (polymethyl and
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polyethyl methacrylate) in the solid state and observed

a low temperature process with the enthalpies of

activdation, AH of about 8 - 12 kJ mol—l which could

E!
possibly be due to ester group rotation, i.e.,

rotation about the C-C¥%* bond.

—}— where R = CH3 or CzH

The plot of €" versus T(K) at 1 kHz frequency
(Figure VI-14) shows that wvinyl butyrate in o-terphenyl
also exhibited another high temperature (196 - 206 K)

process with values of AHE = 115 kJ mol_l, ASp = 230

1 -1 _ -1 _
mol , AGE(ZOO k) " 30.9 kJ mol and T900 K -
3 ;

3.6x10 ° s. The glass transition temperature of the

J K~

sample was recorded as V228 K, whereas the Tg of the
pure solvent is 243 K (36). The parameters (AHE and
ASE) for this high energy process were evaluated by

linear regression of the equation (11-22). This high
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energy process would seem to be the result of a cooperative

motion of the molecule with associated solvent molecules.

The dimethyl ester of oxalic acid was studied in

a polystyrene matrix, and two absorption regions were

detected. The low temperature (101 - 143 K) process

_ -1 _ : -1
gave AHE = 7.2 0.5 kJ mol —, AGE(lOO K) " 18.9 kJ mol —,
and ASE = -116.7 J K_l mol—l. These results may be

compared with that of trichlorqethylene, which is a
rigid molecule of about the same size and shows absorption
iChapter IV) in the temperature range, 79 - 117 K, in a

polystyrene matrix. For trichloroethylene the observed

values of AHE (= 7.0 *0.3 kJ mol_l), AG
kJ mol'l), and AS; (= -77.7 J k™1

E(100 k) (= 14-8
mol—l) are almost
identical with those of dimethyl oxalate, and, therefore,
it would seem that the whole molecular rotation is respons-

ible for the low temperature dielectric absorption in

dimethyl oxalate.

Figure VI-8 shows the plot of logTT versus 1/T
for the higher temperature (231 - 291 K) process of
dimethyl oxalate in a polystyrene matrix. The enthalpy

of activation, AHE (= 45,3 *1.6 kJ mol_l), and entropy
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of activation, ASE (= -8,2 J K_l mol—l), and other
parameters (Table VI-1) obtained for this process are
comparable to those of the high temperature (165 -
198 K) process of methyl propiolate in the same poly-
styrene matrix. Though the conjugation in these two
molecules may not be the same, yet owing to both
dipole-dipole and lone pair-lone pair interactions of
the two adjacent ester groups in dimethyl oxalate,
the dipole reorientation about the C*-C*/or the C*-0
bond is hindered as in the case of methyl propiolate.
Therefore, a similar suggestion may be made for this
high energy (AHE 245 kJ mol—l) process of dimethyl
oxalate which results from the overlapping of two

hindered intramolecular motions about the C*-C* and

the C*¥-0 bonds.

Dielectric measurements of methyl, ethyl, butyl
and iso-butyl chloroformate were carried out to explore
the relaxation processes assoclated with these molecules.
Mizushima and Kubo (37), from their dipole moment measurements
data for methyl and ethyl chloroformate, interpreted that
the presence of halogen decreases the central C*-0 bond-
order, thus permitting an increased flexibility to torsion

about that bond which results in larger amplitudes of
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motion. Oki and Nakanishi (38) studied the infrared

and n.m.r. spectra of methyl chloroformate (as well as
ethyl and isopropyl chloroforﬁates), and they concluded
that both cis and trans forms are present in the solution

phase with the trans rotamer as the more stable isomer.

Cl CH Cc1l

trans cis

Methyl and ethyl chloroformates exhibited a
sihgle relaxation process in a polystyrene matrix, o-
terphenyl, and in polyphenyl ether. Table VI-1 gives
the values of AHErand other parameters for both the
molecules in the three media. For methyl chloroformate
the values of AHE (v22 22 kJ mol—l) and other parameters

are almost similar in magnitude (within the 1limits of

experimental error) in the three media. Figures VI-4

shows the sample plot of €" versus log(freq.) for methyl
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chloroformate in o-terphenyl, while Figure VI-9 presents
the plots of logTT versus 1/T for the same molecule

in all the three media. All these results suggest an
intramolecular relaxation process about the C*-0 bond,
i.e., methoxy group relaxation in methyl chloroformate.
The barrier being ~22 *2 kJ mol"l, which is higher

than that observed by Walker et al (39) and also by

the present work (Chapter V) for methoxy group relaxa=
tion. The higher energy barrier for methoxy group
relaxation in esters may be interpreted as evidence
that the rotation about the C*-0 bond in esters is
hindered owing to its partial double bond character (as

may be seen from the quinonoid structure), whereas the

+) H \(ﬁ)/ H
— N\ )
H~ H /C—-O
Ester Amide

o)
“CH,

Anisole
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value of 10 kJ mol-'l was observed for the same group
relaxation in cases where there is no mutual conjugation
or steric effect. Shukla et al (42) obtained high
energy barrier (V50 kJ mol-l) for internal rotation in
amides which can be compared with that in esters, where
CH3O— and H2N— groups are both strong +M groups.

The energy barriers and other parameters for
ethyl chloroformate are not similar in all the three media.
The results in a polystyrene matrix were obtained by
Enayetullah (40). The values of 27.1 1.1 kJ mol—1 in
o-terphenyl and 23.3 kJ mol—l in a polystyrene matrix
for the enthalpy of activation may be considered to be
the barrier to rotation about the C*-0 bond (ethoxy
group rotation). A comparatively higher barrier (AHE =
33.0 1.5 kJ mol_l) for ethoxy group relaxation in
ethyl chloroformate in polyphenyl ether possibly involves
some contribution from the high energy cooperative
motion of polymer segments. The glass transition tempera-

ture, Tg’ of the sample was recorded to be V231 K.

Butyl and isobutyl chloroformate, both in

polyphenyl ether, showed two absorption regions. The
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enthalpies of activation, 14 %1 kJ mol-.l and 19.1 #1.9

kJ mo].__1 for butyl and isobutyl chloroformate, respectively,
are for the low temperature process (Table VI-1). These
results and other parameters ﬁay be ascribed to the

molecular, dielectric absorption process.

The higher temperature (250 - 263 K) process
observed for butyl chloroformate in polyphenyl ether with
AH, = 168 kI mo1™h, Asy = 392 J k™! mo1™t, and T, =
V248 K may be attributed to a cooperative process. On

the other hand, the values of AH. (= 38.5 kJ mol T) and

E
other parameters (Table VI-1) for the higher temperature
process of iso~-butyl chloroformate, when compared to the
corresponding values obtained by Enayetullah (40) for
butyl and iso—butyl chloroformate in a polystyrene matrix,
seem to be appreciably higher for internal rotation

about the C*-0 bond. The influence of high energy co-

operative motion (Tg = n245 K) may increase the barrier

to rotation about the C¥%-0 bond in polyphenyl ether.

In conclusion, it may be said that the energy
barriers as well as the relaxation times obtained for the

dielectric absorptions of different aliphatic esters
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suggest the rotation of groups around the central C-C*
and/or C*-0 bond. The barrier to rotation about the
central C-C* bond in simple cases 1is found to be signifi-
cantly lower (about 6 - 10 kJ mol™ 1 in the absence of
conjugative effect) than that about the C*-0 bond (v22 %2
kJ mol T for methoxy group rotation in esters). It is
also observed that the barriers to internal rotation

are almost independent of the three types of media

(polystyrene, o-terphenyl and polyphenyl ether).
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TABLE VI.2 Tabulated Summary of Fuoss-Kirkwood
Analysis Parameters and Effective Dipole
Moments (Y) for Aliphatic Esters

6 53‘"
T (K) 1071 (8) l°gfmax B 107¢ A € u (D)

1.05 M Methyl formate in Polyphenyl ether
Low Temperature Process

84.5 13.9 4.06 0.20 20.78 2.94 0.57
96.5 12.1 4.21 0.22 21.24 2.95 0.59
101.9 4.74 4.53 0.18 20.91 2.93 0.67
109.9 2.82 4.75 0.24 22.33 2.97 0.62

High Temperature Process

232.9 305 2.72 0.49 617.20 3.50 2.79
237.3 54.5 3.47 0.57 601.50 3.55 2.58
240.2 25.5 3.80 0.64 583.29 3.66 2.38
242.7 14.6 4,04 0.74 583.70 3.78 2.24
244.5 6.90 4,36 0.74 576.83 3.80 2.19

0.89 M Ethyl formate in Polyphenyl ether

114.8 995 2.21 0.16 20.68 2.98 0.80
122.8 101 3.20 0.21 21.57 2.99 0.74
129.5 28.9 3.74 0.17 24.16 2.98 0.89
133.8 13.5 4.07 0.18 25.10 2.99 0.89
140.5 6.18 4.41 0.20 26.38 3.00 0.89

0.86 M Propyl formate in Polystyrene Matrix
Low Temperature Process

94.2 698 2.36 0.21 6.88 2.44 0.42
100.3 227 2.85 0.20 7.19 2.45 0.45
107.5 70.4 3.35 0.18 7.59 2.45 0.50
113.3 21.8 3.86 0.18 8.03 2.46 0.54
121.4 81.5 4.29 0.19 8.55 2.48 0.55
126.3 5.52 4.46 0.19 8.73 2.47 0.57
133.8 2.51 4.80 0.18 8.87 2.48 0.61

High Temperature Process

231.0 733.04 2.34 0.23 17.75 2.62 0.97
234.9 295.88 2.73 0.21 16.99 2.62 1.00
238.9: 95.02 3.22 0.21 17.15 2.61 1.01
243.3 23.66 3.83 0.21 16.87 2.61 1.02

248.5 4.81 4.52 0.19 17.00 2.59 1.08
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\ ¢ R
T (K : "

(K) 1071 (8) logfmax B 107 ¢ max € u (D)
0.98 M Methyl acetate in Polystyrene Matrix
Low Temperature Process

.88.6 59.8 3.43 0.14 0.42 2.49 0.12
93.2 45,7 3.54 0.15 0.45 2.49 0.12
100.7 22.0 3.86 0.18 0.47 2.49 0.11
108.4 5.69 4.45 0.09 0.50 2.49 0.17
114.7 4.41 4.56 0.08 0.47 2.49 0.18
High Temperature Process
171.3 947 2.23 0.45 14.03 2.50 0.51
176.2 568 2.45 0.44 14.08 2.50 0.52
181.8 269 2.77 0.46 15.06 2.51 0.54
187.3 145 3.04 0.43 14.93 2.51 0.56
192.2 96.1 3.22 0.44 15.27 2.51 0.57
197.4 62.2 3.41 0.41 15.42 2.51 0.60
202.0 37.8 3.62 0.44 16.00 2.51 0.60
209.4 22.8 3.84 0.38 16.71 2.51 0.67
218.1 13.6 4.07 0.32 18.83 2.50 0.79
0.94 M Methyl acetate in o-Terphenvl

79.4 308 2.71 0.10 5.65 2.77  0.45
86.1 112 3.15 0.12 6.25 2.78 0.45
91.8 62.0 3.41 0.15 6.67 2.79 0.43
99.4 25.5 3.79 0.13 7.36 2.78 0.50
101.2 24.8 3.81 0.16 7.53 2.79 0.46
109.0 12.5 4.10 0.16 8.03 2.80 0.50
114.6 9.28 4.23 0.19 8.34 2.81 0.47
120.7 4,82 4.52 0.17 8.72 2.81 0.53
0.91 M Methyl acetate in Polyphenyl ether
102.8 1359 2.07 0.13 8.35 2.97 0.53
108.0 441 2.55 0.15 9.54 2.97 0.54
114.7 313 3.08 0.12 9.90 2.97 0.64
133.2 77.6 4.31 0.17 12.30 3.02 0.64
144.0 19.9 -4.90 0.17 13.18 3.01 0.69
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6 3 "

T (K) 1071 (8) logfmax B 107¢ mase € u (D)
0.84 M Methyl acrylate in Polystyrene Matrix
111.4 1142 2.14 0.20 3.14 2.73 0.30
114.6 668 2.38 0.22 3.28 2.73 0.30
118.7 332 2.68 0.25 3.31 2.73 0.29
124.0 151 3.02 0.21 3.40 2,73 0.34
127.7 92.1 3.24 0.20 3.46 2,72 0.33
131.7 43.0 3.57 0.22 3.55 2.72 0.34
136.7 19.8 3.90 0.22 3.59 2.72 0.3¢4
141.8 8.95 4.25 0.23 3.67 2.72 0.35
149.0 3.64 4.64 0.20 3.69 0 2.72 0.36
0.87 M Methyl acrylate in o~Terphenvyl
114.3 1984 1.90 0.17 9.83 2.77 0.57
119.5 911 2.24 0.16 10.39 2.77 0.62
125.4 297 2.73 0.19 11.05 2.77 0.60
131.0 119 3.13 0.20 11.56 2.78 0.61
137.0 51.4 3.49 0.21 12.05 2.78 0.62
139.8 34.8 3.66 0.22 12.28 2.78 0.62
143.4 15.6 4,01 0.21 12.68 2.78 0.65
149.5 9.91 4.21 0.24 13.10 2.79 0.63
156.3 4.02 4.60 0.23 13.39 2.79 0.66
0.84 M Methyl acrylate in Polyphenyl ether
129.0 783 2.31 0.19 14.76 2.92 0.69
138.2 126 3.10 0.19 15.80 2.92 0.74
144.6 38.0 3.62 0.20 16.63 2.92 0.76
151.8 l14.6 4.04 0.20 17.26 2.90 0.79
162.0 4,51 4.55 0.20 18.24 2.90 0.83
0.66 M Methyl crotonate in Polystyrene Matrix
141.1 679 2.37 0.19 9.75 3.42 0.60
145.1 326 2.69 0.21 9.99 3.42 0.58
149.6 176 2.96 0.22 10.32 3.42 0.59
155.8 75.5 3.32 0.24 10.64 3.43 0.59
162.8 40.0 3.60 0.20 10.98 3.42 0.67
169.7 20.4 3.89 0.22 11. 34 3.43 0.66
175.4 10.3 4.19 0.19 11.55 3.42 0.73
182.9 5.10 4,49 0.14 11.65 3.40 0.79
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6 3w ‘
T (K) 10t (8) logfmax B 10 ¢ ma € H (D)
0.89 M Methyl crotonate in o-Terphenyl
135.5 703 2.36 0.14 9.31 2,77 0.66
138.6 374 2.63 0.15 9.41 2.77 0.65
142.6 182 2.94 0.17 9.80 2.78 0.63
148.3 77.5 3.31 0.19 10.18 2.78 0.62
153.6 38.8 3.61 0.20 10.55 2.79 0.62
158.1 27.0 3.77 0.23 10.88 2.79 0.60
163.3 14.6 4.04 0.23 11.28 2.79 0.62
167.2 9.18 4.24 0.23 11.56 2.80 0.63
172.2 6.87 4,37 0.26 11.82 2.81 0.61
177.1 3.40 4.67 0.23 11.98 2.80 0.65
0.83 M Methyl crotonate in Polyphenyl ether
134.9 1099 2.16 0.17 9.69 2.93 0.61
139.7 603 2.42 0.16 9.89 2.92 0.65
144.1 263 2.78 0.18 10.24 2.93 0.63
149.2 118 3.13 0.19 10.59 2.93 0.63
153.8 63.3 3.40 0.18 10.88 2.93 0.67
158.7 35.6 3.65 0.20 11.31 2.94 0.66
161.9 28.1 3.75 0.22 11.56 2.94 0.64
166.5 15.0 4,02 0.22 11.92 2,95 0.66
171.2 9.78 4,21 0.23 12.25 2,95 0.67
178.7 5.77 4,44 0.23 12.67 2,95 0.69
182.3 3.24 4.69 0.20 12.65 2.95 0.71
0.81 M Vinyl crotonate in o-Terphenyl
151.6 711 2.35 0.20 3.83 2,78 0.38
157.6 328 2.69 0.26 3.98 2.78 0.36
162.9 172 2,96 0.28 4,17 2.79 0.36
167.2 130 3.09 0.27 4.27 2.78 0.37
174.4 67.9 3.37 0.20 4.59 2,78 0.46
179.4 42.6 3.54 0.19 4,83 2.78 0.49
186.1 21.6 3.87 0.24 5.00 2.79 0.48
193.2 10.2 4.15 0.22 5.29 2.79 0.49
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TABLE VI.Z2 continued...

6 3 L1}
T (K) 107t (s) logf .« B8 ’10 € nax € u (D)

0.90 M Methyl propiolate in Polystyrene Matrix
Low Temperature Process

83.6 46.5 3.53 0.20 1.16 2.45 0.16
94.1 21.9 3.86 0.18 1.23 2.45 0.19
103.0 13.4 4.07 0.17 1.28 245 0.21
110.9 7.83 4.31 0.13 1.28 2.45 0.24
120.5 4.03 4.45 0.14 1.33 2.46 0.25

0.89 M Methyl propiolate in Polystyrene Matrix
High Temperature Process

164.6 10625 1.30 0.10 1.51 2.55 0.36
172.9 1297 2.09 0.14 1.52 2.55 0.32
176.0 672 2.37 0.16 1.41 2.55 0.29
177.9 564 2.46 0.18 1.56 2.55 0.29
181.9 354 2.66 0.20 1.57 2.55 0.28
187.4 144 3.04 0.17 1.57 2.55 0.30
193.0 43.3 3.57 0.14 1.54 2.55 0.33
198.3 22.1 3.86 0.15 1.55 2.55 0.33

0.86 M Methyl propiolate in o~Terphenyl

86.7 71.2 3.35 0.13 3.20 2.77 0.33
89.1 51.3 3.49 0.15 3.30 2.77 0.32
95.5 31.8 3.70 0.14 3.55 2,77 0.35
102.0 16.7 3.98 0.15 3.81 2.78 0.36
109.2 10.7 4.17 0.15 4.04 2.78 0.38
115.8 7.30 4.31 0.17 4,21 2.78 0.38

0.89 M Methyl propiolate in Polyphenyl ether

89.5 254 2.80 0.12 4.68 2.92 0.38
97.3 145 3.04 0.12 5.18 2.92 0.44
104.5 70. 4 3.35 0.12 5.67 2.92 0.47
112.3 47.9 3.50 0.15 6.16 2.93 0.46
118.4 40.9 3.63 0.17 6.52 2.94 0.45

124.7 29.9 3.73 0.16 6.92 2.94 0.49
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TABLE VI.2 continued...
6 3

T K z ”

(K) 107t (8) logfm“x B 107¢ max € u (D)
0.70 M Vinyl chloroacetate in o—Térphenyl

83.4 59.4 3.43 0.20 1.38 2.80 0.19
86.4 48.7 3.50 0.20 1.38 2.80 0.19
92.4 23.3 3.63 0.29 1.48 2.80 0.18
98.6 17.9 3.74 0.32 1.57 2.79 0.17
103.5 10.7 3.83 0.33 1.63 2.79 0.17
110.4 6.15 3.93 0.35 1.74 2.79 0.18
0.51 M Vinyl bromoacetate in o-Terphenyl

79.0 64.5 3.39 0.22 1.12 2.80 0.18
85.2 46.4 3.53 0.24 1.16 2.80 0.19
92.1 40.9 3.63 0.26 1.19 2.79 0.19
96.2 32.8 3.72 0.25 1.20 2.79 0.20
102.2 26.4 3.80 0.22 1.23 2.79 0.22
109.0 17.8 3.90 0.23 1.28 2.79 0.22
117.6 12.2 4.01 0.20 1.34 2.79 0.24
0.79 Vinyl propionate in o-Terphenyl

82.3 524 2.48 0.14 2.09 2.77 0.26
87.3 290 2.74 0.1¢4 2.22 2.77 0.27
91.7 171 2.97 0.15 2.34 2.77 0.28
95.7 64.2 3.29 0.20 2.45 2.77 0.25
100.3 40.6 3.50 0.21 2.59 2.77 0.26
105.3 26.5 '3.75 0.20 2.73 2.77 0.28
110.0 12.9 3.99 0.19 2.99 2.77 0.30
115.8 10.9 4.19 0.18 3.13 2.77 0.33
122.3 5.62 4.36 0.18 3.17 2.77 0.34

127.4 3.29 4.59 0.17 3.18 2.77 0.36
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TABLE VI.2 continued...
T (K) 108+ (s) logf B 103¢" € (D)
max max o U

0.74 M Vinyl butyrate in o-Terphenyl

Low Temperature Process

N

86.9 390 2.61 0.20 2.43 2.76 0.25

91.4 204 2.89 0.21 2.54 2.76 0.25
100.3 58.8 3.43 0.21 2.69 2.76 0.27
"105.6 28.1 3.75 0.23 2.86 2.76 0.27
109.5 20.8 3.88 0.24 2.94 2.76 0.28
114.9 11.0 4.16 0.25 2.99 2.76 0.28
119.3 9.08 4,24 0.27 3.00 2.76 0.28
126.3 5.43 4,47 0.27 2.89 2.76 0.28
132.7 3.37 4,67 0.30 2.78 2.77 0.27
High Temperature Process

196.1 135 3.07 0.25 21.46 2.78 0.98
199.7 36.5 3.64 0.26 20.57 2.79 0.95
200.5 27.9 3.76 0.28 21.11 2.79 0.93
202.8 15.0 3.97 0.30 21.25 2.79 0.91
204.0 9.25 4.20 0.34 20.92 2.80 0.85
206.0 4.11 4.59 0.35 20.48 2.81 0.83

0.38 M Dimethyl oxalate in Polystyrene Matrix
Low Temperature Process

100.8 3665 1.64 0.14 0.26 3.14 0.14
110.6 1146 2.04 0.12 0.27 3.14 0.16
117.0 826 2.29 0.11 0.28 3.14 0.17
124.0 521 2.49 0.15 0.29 3.14 0.15
128.3 395 2.60 0.23 0.30 3.14 0.13
133.4 298 2.72 0.16 0.31 3.14 0.16
138.4 248 2.81 0.14 0.31 3.14 0.17

142.8 240 2.88 0.13 0.32 3.14 0.19



TABLE VI.2

continued...
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6 k S .
T (K) 1071 (8) 1ogf.m‘_=\x B 10 e S €0 H (D)
High Temperature Process
231.1 10638 1.18 0.17 79.30 3.05. 3.18
237.0 5573 1.46 0.17 82.20 3.04 3.29
241.4 3135 1.71 0.17 84.91 3.02 3.37
245.4 2047 1.89 0.18 87.45 3.03 3.35
251.6 1244 2.11 0.18 91.96 3.02 3.44
258.2 710 2.35 0.19 96.55 3.03 3.47
265.4 470 2.58 0.20 101.05 3.04 3.50
272.4 246 2,81 0.21 106.81 3.04 3.54
281.4 122 3.11 0.21 112.32 3.03 3.60
291.0 57.7 3.44 0.23 119.00 3.04 3.75
0.90 M Methyl chloroformate in Polystyrene Matrix
150.9 763 2.32 0.34 3.51 2.59 0.28
157.7 296 2.73 0.35 3.73 2.59 0.28
162.6 199 2.90 0.27 4.05 2.58 0.29
170.2 78,2 3.31 0.30 4,90 2.59 0.29
176.3 71.9 3.35 0.36 4.92 2.59 0.30
179.9 41.4 3.58 0.27 5.31 2.59 0.30
183.2 23.7 3.72 0.36 4,89 2.60 0.32
0.87 M Methyl chloroformate in o-Terphenyl
130.2 638 2.40 0.16 14.18 2.76 0.75
136.4 238 2.82 0.17 14.86 2.76 0.76
142.8 97.3 3.21 0.16 15.65 2,76 0.82
148.4 43.5 3.56 0.15 16.17 2.75 0.84
152.6 28.9 3.74 0.18 16.81 2.76 0.83
158.3 16.8 3.97 0.19 17.50 2,77 0.84
163.7 10.0 4.20 0.20 18.17 2.77 0.85
169.3 6.10 4.42 0.20 18.46 2.78 0.87
180.6 2.46 4.81 0.22 19.30 2.79 0.87
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TABLE VI.2 continued...
T (K) 108+ (s) logf B 103¢n € u (D)
‘max max ©
0.85 M Methyl chloroformate in Polyphenyl ether
142.3 241 2.82 0.17 25.34 2.98 0.98
147.5 112 3.15 0.16 26.31 2.96 1.05.
151.9 60.8 3.42 0.16 26.90 2.96 1.08
156.8 28.6 3.74 0.17 28.13 2.96 1.08
163.9 11.4 4.14 0.18 29.65 2.97 1.10
169.2 7.60 4.32 0.19 30.60 2.98 1.11
176.8 3.66 4.64 0.21 32.15 2.99 1.10
0.86 M Ethyl chloroformate in o-Terphenyl
155.9 915 2.24 0.18 11.73 2.80 0.71
162.4 371 2.63 0.17 12.64 2.80 0.77
171.3 146 3.04 0.17 13.71 2.80 0.82
180.5 47.3 3.53 0.17 14.87 2.80 0.88
187.4 25.0 3.80 0.17 15.67 2.80 0.92
192.9 14.5 4,04 0.17 16.38 2.79 0.95
198.8 8.42 4,28 0.17 17.15 2.79 0.99
205.2 4.24 4.58 0.16 18.12 2.79 1.06°
0.74 M Ethyl chloroformate in Polyphenyl ether
162.8 877 2.26 0.17 16.56 2.91 0.93
172.8 234" 2.83 0.17 17.79 2.79 1.01
182.8 57.1 3.45 0.16 18.99 2.80 1.10
186.0 39.7 3.60 0.17 19.08 2.81 1.08
189.8 22.9 3.84 0.18 20.21 2.82 1.09
197.0 9.45 4.23 0.19 21.94 2.82 1.13
202.0 7.12 4,35 0.18 22.26 2.81 1.18
209.7 3.18 4.70 0.18 22.79 2.81 1.22



TABLE VI.2

continued...

6 3

T (K "

(K) 107t (s) logf .. B 107" . € u (D).
0.71 M Butyl chloroformate in Polyphenyl ether
Low Temperature Process }&

97.6 755 2,32 0.30 5.06 2.90 0. 31\/
107. 2 180 3.03 0.25 5.44 2,91 0.37
113.3 61.8 3.41 0.24 5.85 2.91 0.40
119.8 20.4 3.89 0.23 6.09 2.91 0.43
125.4 9.63 4,22 0.23 6.24 2,91 0.44
129.7 7.02 4,36 0.24 6.17 2,91 0.44
134.6 3.83 4.62 0.21 6.18 2.91 0.47
High Temperature Process
249.,9 714 2.35 0.36 615.81 3.36 4,14
254.2 86.0 3.27 0.44 596.48 3.43 3.72
257.6 24.3 3.82 0.57 592.86 3.70 3.18
262.5 6.74 4,37 0.67 577.35 3.90 2.85
0.65 M iso-Butyl chloroformate in Polyphenyl ether
Low Temperature Process
130.4 565 2.45 0.24 5.57 2.92 0.44
136.8 264 2.78 0.20 5.81 2.92 0.49
143.7 85.0 3.31 0.23 6.12 2.92 0.49
148.6 49.5 3.35 0.16 6.17 2,91 0.59
155.0 27.2 3.77 0.16 6.48 2,91 0.63
High Temperature Process
184.6 844 2.28 0.16 11.32 2.94 0.89
192.6 307 2,72 0.16 12.00 2.94 0.94
197.2 204 2.89 0.16 12.42 2.94 0.97
204.5 78.4 3.:31 0.17 12.98 2.94 0.98
211.3 33.2 3.68 0.17 13.79 2.94 1.02
218.8 14.4 4,04 0.18 15:45 2,94 1.07
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Plot of dielectric loss versus log{(frequency)
for propyl formate in a polystyrene matrix
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FIGURE VI.3 Plot of dielectic loss versus log(frequency)

for methyl crotonate in polyphenyl ether
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FIGURE VI.4 Plot of dielectric loss versus log(frequency)

for methyl chloroformate in o-terphenyl
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2,50 2.52 2.54 2,56 2.58 2.60

FIGURE VI.10 Cole-Cole plot for methyl acetate in a poly-
styrene matrix at 197.4 K
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FIGURE vI.11 Cole-Cole plot for methyl propiolate in a
polystyrene matrix at 181.9 K

FIGURE VI.12 Cole-Cole plot for methyl chloroformate in
o-terphenyl at 152.6 K

methyl propislace in o-terphenyl
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CHAPTER VII

DIELECTRIC RELAXATION OF AROMATIC
AND

RELATED ESTERS
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VIT.1 INTRODUCTION

In the preceeding chapter, dielectric
absorption of several aliphatic esters in polystyrene
matrices, o-terphenyl and polyphenyl ether has been
considered. It was indicated that the dipole relaxation
of these esters, R1C*0°R2’ dominated by intramolecular
rotation around the C-C* bond and/or the C*¥-0 bond. And
also it was observed that the barrier to intramolecular
rotation involving the ester group (around C-C* bond),
in particular, depends to some extent on the conjugative
effect in 0B-unsaturated esters. It is also of interest
to investigate the behaviour of the ester group in
aromatic and related molecules. In the literature there
appears to be disagreement among investigators as to whether
or not there is electronic interaction between the
aromatic ring and the attached carbonyl group in alkyl
benzoates. Smyth (1) and Krishna et al (2) suggested
that the dipole moments of aromatic esters give no evidence
of interaction between the polar group and the aromatic
ring. Guryanova and Grishké (3) stated that free rotation

about the CA?—— C* bond was unlikely because of the

presence of T-electrons at CAr and C*¥ carbon atoms.
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Le Fevre and Sundaram (4) stated that the "effective"
conformation appeared to be that in which maximum
T-electron overlap or the conjugation between the
benzene ring-:and the carbonyl group occured with the
C*=0 atoms in the plane of the ring, and this cor-

responded to a potential energy minimum,

Pinkus and Ellen (5) interpreted the in-
crease in the electric dipole moments of a series of
alkyl benzoates over the corresponding aikyl acetates
in terms of conjugative interaction with the phenyi ring
and supplying electrons to the electron-deficient
carbonyl carbon, C¥%. Hasan et al (6,7), from their di-
electric studies of some monocarboxylic esters in the
liquid state, observed that, although the dielectric data
in benzyl formate, benzyl acetate, etc. could be analyzed
in terms of both molecular and group relaxation, in the
methyl- and ethyl benzoates the data were consistent with
one relaxation process only. They proposed that in the
methyl- and ethyl benzoates, (PH’¢”8*——OR), C*=0 dipole
‘is adjacent to the benzene ring and that it imparts
double bond character to the C*-0 bond owing to resonance,
thus inhibiting the rotation of the OR group around the

C*-0R linkage. Further investigation by later workers (8)
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of propyl- and butyl benzoates in the microwave region
indicates no group rotation in these molecules. This
supports the hypothesis of these workers (6,7) in the
cases of methyl- and ethyl benzoates. While Grindley

et al (9).have estimated the energy barriers to rotation
about the CAr——C* bond to be 22.2 and 24.7 kJ mol_l for
the C*OzMe and C*02Et groups in methyl benzoate and ethyl

benzoate, respectively; they assumed the strain energy

to be zero.

Krishna et al (10) made a dielectric study of
methyl-p-nitrobenzoate, methyl-m-nitrobenzoate, ethyl-m-
nitrobenzoate, ethyl-o-nitrobenzoate and methyl-o-aminobenzoate
in benzene solution at 303 K. They reported barrier
heights (AHy) as 9.6, 9.2, 10.0, 8.4, and 9.2 kJ mol ™",
respectively. Comparing the observed and theoretically
calculated dipole moment values, they proposed the
absence of intramolecular rotation in these esters except
for methyl- and ethyl-m-nitrobenzoate. And the observed
relaxation process in these molecules and the corresponding
AHE—values were ascribed to overall rotation of the

molecule in the solvent. Krishna et al (2) from dipole

moment measurements of benzyl benzoate, 2-naphthyl benzoate,
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and o-hydroxy-benzyl benzoate, obtained AHE—Values of
8.3, 8.2, and 8.8 kJ mol_l, respectively. They interpreted
these results in terms of restricted rotation of the -OR

group about the position of minimum potential energy.

Recently, Khwaja (11) studied several aromatic
esters in the frequency range 102 to 105 Hz. He
observed both molecular and intramolecular relaxation

processes; and the intramolecular ‘relaxation process

was suggested to be due to rotation of the .ester group.

From the foregoing reveiw it seems that the
information about the characterization of intramolecular
relaxation process 1in aromatic esters is indecisive.
Therefore, it seemed desirable to examine dielectrically
a variety of aromatic and related esters (listed in
Figure VII.1l(a) and VII.1(b)) in polystyrene matrices,
o-terphenyl and polyphenyl ether, as such an investigation
has proved successful in a variety of cases in determin-
ing the energy barriers and also to characterize the

intramolecular process in aliphatic esters (Chapter VI).
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VII.2 EXPERIMENTAL

The dielectric measurements of a variety
of aromatic and related esters (listed in Figure VII.1(a)

and VII.1(b)) have been made over suitable ranges of

temperature and frequency (usually lO2 to lOS Hz) by the

use of General Radio 1615 and 1621 bridges, the procedure
being described in Chapter III. The solvents used are:
(a) polystyrene, (b) o-terphenyl, and (c) polyphenyl

ether.

"o an
Sample plots of loss factor (e € (obs)

"(solvent)) versus logarithm (frequency) are shown

€
in Figures VII.2 to VII.4, while Figure VII.5 shows the

sample plot of loss factor against T(K). Figures VII.6

1

to VII.12 show the sample plots of logTT versus 1/T (K 7).

Table VII.1 gives the values of "AHE" and

"ASE" evaluated from dielectric data as well as "AGE"

and "T" wvalues at 100 K, 200 K and 300 K. Tabulated

ne n’ and

summary of Fuoss-Kirkwood analysis parameters, o

effective dipole moments for a variety of aromatic and
related esters at various experimental temperatures are

presented in Table VII.Z2.
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1. Methyl benzoate *</8CH
3
2. Ethyl benzoate C*</gc

3. Ethyl-p-chloro Cl
benzoate

4., Methyl salicylate &/0

‘ O
5. Methyl cinnamate CH=CH— *<OC|-|3

~OCHg
6. Dimethyl- CH30\ ¥
2,6-naphthalene /C
dicarboxylate 0/

FIGURE VII.1l(a)



7. alpha-Naphthyl acetate

8. beta-Naphthyl acetate

9. beta-Naphthyl butyrate

10. beta-Naphthyl benzoate

11. Cyclohexyl acrylate

12. Cyclohexyl cinnamate

FIGURE VII.1(b)
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VII.3 DISCUSSION

The Eyring analysis results for the different
aromatic and related esters are given in Table VII.1.
It can be seen that methyl benzoate and ethyl benzoate
showed absorptions in almost the same temperature range

(160 210 K) in a polystyrene matrix and in polyphenyl

ether. In polystyrene matrices both 'the molecules

gave similar values of AHE, ASE and AGE and T values

at 200 and 300 K. Table VII.1 shows that in polyphenyl
ether both the molecules exhibited another high

temperature process and yielded values of AHE = 234.,0

1 1 1

and 257 kJ mol mol for

, AS; = 720 and 810 J K~
methyl- and ethyl benzoate, respectively. The
parameters for this high energy process were evaluated
by linear regression of the equation (II1.22). A
co-operative motion of the wholé molecule together with
the segments of polymer chain may be the cause of this
high energy process in methyl- and ethyl benzoates. The
measured glass transition temperature, Tg, of the two

samples 246 and 241 K, respectively, are also consistent

with this hypothesis.

Table VII.1l shows that the values of AHE and
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other relaxation parameters for methyl benzoate are
almost identical in a polystyrene matrix and polyphenyl
ether, while the corresponding values of ethyl benzoate
differs in the two media for tﬁe,low temperature absorp-
tion process. The AHE—values for methyl benzoate

are 31 and 31.4 *3.1 kJ mol_l, and that of ethyl benzo-
ate are 33 and 26.8 *2.,1 kJ mol_1 in a polystyrene
matrix and polyphenyl ether, respectively. The results
in a polystyrene matrix were obtained by an earlier worker
(11) in this laboratory. It appears that there would

be two possible sources of dielectric absorption in
these aromatic esters, one béing intramolecular and

the other molecular relaxation. Khwaja (11) calculated
u” (the component of the substituent ester group

dipole moment along the long axis of the molecule) and
“L (the component of the dipole moment perpendicular

to this axis, responsible for group relaxation) and found
values of 0.65 D and 1.71 D, respectively, for methyl
benzoate. This calculation produced a molecular
weighting factor, C1 = 0.13 and a group weighting

factor C2 = 0.87, which suggested that there may be a
little contribution from molecular relaxation.

Moreover, the plot of 1logTT versus 1/T (Figure VII.6)
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for methyl benzoate in polyphenyl ether indicated

the presence of two absorptioﬂ pfocesses and yielded an
overall enthalpy of activation,\AHE = 31.4 *3.1 kJ mol_l.
When the two portions of this plot were analyzed separately,

1 were obtained for the

the values of 22 and 33 kJ mol’
enthalpies of activation. This suggests that the

observed process is largely influenced by two overlapping
processes, but no such separation was found from the plots

of logTt versus 1/T for methyl benzoate in a polystyrene

matrix and for ethyl benzoate in the two media.

The AHE value of 22 kJ mol_l obtained for
the lower temperature portion of the plot (Figure VII.2)

may be compared with the value of 22.2 kJ mol_1 obtained

by Grindley et al (9) for rotation about the CAr C*
0

( & C”/ ) bond. On the other hand, o, ,0a—trichloro-

\\O/CH3
toluene, an approximately similar sized rigid molecule,
gave AHE value of 20 kJ mol_l in a polystyrene matrix (12).
Thus, these results and the small magnitude of the
wéight factor for the molecular process (Cl = 0.13) seemn

to indicate that either the molecular process is too

weak to be detected or it overlaps with ester group

relaxation about CAr C* bond.
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For methyl benzoate in a polystyrene matrix
and for ethyl benzoate in both the media it may so happen
that the molecular absorption ocqured within a tempera-
ture region similar to that of the group process and with
a similar energy, so that both the molecular and group
processes overlapped. But again the small magnitude
of the weight factor Cl = 0.13 seem to indicate that
predominantly group relaxation contributes to the
dielectric absorption of methyl- and ethyl benzoates.

The group relaxation may be owing to the intramolecular

C*¥ or C*—0 bond or both.

motion either about the CAr

Ethyl-p-chlorobenzoate exhibited only one
family of absorption curves in a polystyrene matrix and
in polyphenyl ether in the same temperature region
(153 - 211 K) yielding almost identical values, within
the limits of experimental error, of AHE and other
parameters (Table VII.1l). The AHE value of 24 and 25.2
kJ mol_1 for ethyl-p~-chlorobenzoate in a polystyrene
matrix and in polyphenyl ether, respectively, when com-
pared to the value of AHp = 42 kJ mol™! obtained for

a slightly smaller-sized rigid molecule (i.e. p-iodo-

toluene (11)) in a polystyrene matrix suggest that the
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intramolecular relaxation is responsible for the

observed process in tﬁe former molecule. Moreover,

the enthalpies of activation for ethyl-p-chlorobenzoate
in the two media are lower thén that obtained for methyl-
and ethyl benzoates, which are quité reasonable for an
intramolecular motion. As it is to be expected that

the para-substituent chlorine atom, which is known as

an electron-withdrawing substituent, would lower the

electron density between the bond connecting the

éromatic benzene ring and the ester group (C,, C*).
This would in turn lower the enthalpy of activation

for ester group relaxation owing to the decreased
double bond character. This observation is supported
by the results of Miller et al (13), who suggested that
para-substituent can influence the barrier height only

through electronic interactions.,

The molecular relaxation process for
ethyl-p-chlorobenzoate was not detected. Dipole moment
calculation by Khwaja (11) gave values of u, (the component
of the substituent ester group dipole moment along the
long axis of the molecule) = 0,69 D, MHy (the component of

the dipole moment perpendicular to this axis, responsible
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for group relaxation) = 1.71 D, and My (= u]-u") =

0.89 D. This calculation also produced a molecular

?,L:‘l 83D
£ =1.71D
c| 1"*_/4?_ _____ — iU =0.69D
Z o \0/ 2H5 f
="

weighting factor, C1 = 0.22, and a group weighting
factor, C2 = 0.78, which suggested that there may be a

little contribution from molecular relaxation.

Methyl salicylate may be considered an in-
teresting molecule for this work, where owing to strong
intramolecular hydrogen bonding the ester group rotation

C* bond is ruled out, and consequently

about the CAr
the methoxy group relaxation about the C*—0 bond

becomes the only feasible intramolecular motion.
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OH..
V4
(ftjsc),/(:l43

Methyl salicylate

This molecule was studied in polyphenyl ether and in
pure compressed solid (14). Table VII.1 shows that the

values of AH_ and ASE are 20.7 *3.5 and 24.2 *4.1

kJ mol—l, and -49.8 and -17.1 J KT mol_l in compressed

E

solid and polyphenyl ether, respectively. In pure
compressed solid the molecular process is unlikely and
only the intramolecular relaxation could be expected to
occur. In addition, o~nitrophenol‘(20), a rigid molecule

of slightly smaller size, yielded values of AHE = 12.2

1 1 -1

mol ~, AG 19.7

kJ mol -, AS, = =37.3 J K-

E(200 K)

kJ mol-l, and T = 31»{10-8 s in a polystyrene matrix.

200 K
Therefore, the observed process for methyl
salicylate in polyphenyl ether and in pure compressed

solid may be most likely attributed to methoxy group
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rotation about the C*—0 bond. The value of AHE =
24,4 k‘J.mol_1 obtained for methoxy group rotatioﬁ in
methyl chloroformate in polyphenyl ether (Chapter VI)
is consistent with that of methyl salicylate (AHE =

24.2 kJ mol—l) in the .same medium.

Methyl cinnamate (a2 molecule where the
ester group is not directly attached to the benzene
ring) exhibited two distinctly separate regions of
dielectric absorption 1in a polystyrene matrix, while
only one absorption process was observed in o-terphenyl
and in polyphenyl ether. An earlier worker (11) also
observed two absorption processes for ethyl cinnamate
in a polystyrene matrix, the results are presented in

Table VII.1 for comparison.

The low temperature dielectric absorption
in methyl- and ethyl cinnamate in a polystyrene matrix

yielded AH_ and AS; values of 25.2 *1.7 and 30 kJ mo1” 1}

and -7 and 22 J K—l mol—l, respectively. However, it
is to be noted that the plot of logTT versus 1/T for
methyl cinnamate in a polystyrene matrix (Figure VII.7)

show a divergence in the plot, which might be described by
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-

two straight lines of limiting élopes to account for
an overlapped absorption due to two intramolecular
motions. When the two portioﬁs of this plot were
analyzed separately they yielded AHE values of 16

and V36 kJ mol_l, respectively. The Eyring plots

of methyl cinnamate in o-terphenyl and polyphenyl
ether, and also that of ethyl cinnamate in polystyrene
matrices showed no such separation, but yielded
similar values of AHE (AHE = 29,3 1.4, 29.0 *1.4,

and 30 kJ mol—l, respectively), which are much too
small to be ascribed to molecular relaxation and must
be attributed to intramolecular relaxation. Therefore,
we can suggest that the low temperature dielectric
absorption of methyl- and ethyl cinnamate contains

contribution from the intramolecular motions around

C~-C* and C*-0 bonds.

o
Y ,
O)-ccnec  (mma, 0
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The high temperature absorption process
(258 - 288 K) of methyl cinnamate in a polystyrene

matrix ylelded AHE = 80.3 *11 kJ mol_1 and ASE = 116.6

+*29 J K"l mol_1 (Table VII.1). The observed entropy

of activation for methyl cinnamate, ASE = 116 J K—l mol—l,

agrees well within the limits of experimental error
1 -1

with that of AS = 106 J K ~ mol obtained

E(calculated)
from the relation: ASE(J K_1 mol—l) = =70 +2.2 AHE
(kJ mol_l) (cf: Chapter IV) corresponding to a molecular
relaxation process. Moreover, the extrapolation of
the observed dipole moment at 300 K for the low
temperature process gives UL = 1.06 D, whereas for

the high temperature process the extrapolated value

of observed dipole moment at 300 K is u, = 1.48 D,

Thus, the resultant dipole moment V(1.06)°+(1.48)° =

1.82 D, which is in good agreement with the literature
value of ~1.95 D (15) for a benzene solution at 288 K.
Khwaja (11) obtained almost similar values of temperature
range (286 - 311), AHE and other parameters (Table VII.1l)
for the molecular process of ethyl cinnamate in a
polystyrene matrix. Thus, all these results suggest

that the high temperature process observed for methyl

cinnamate in a polystyrene matrix may be attributed

to the motion of the whole molecule. This high energy
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process was not observed in o;terphenyl and in poly-
phenyl ether, the reason is most likely this process
would occur above the Tg and be obscured by the co-

operative process.

Dimethyl-2,6-naphthalene dicarboxylate
also showed two regions of dielectric absorptions. The
low temperature process with AHE = 35 kJ mol—'l and
ASE =36 J K-l mol‘l, was studied by Khwaja (11) of
this laboratory. He interpreted this low temperature

process for dimethyl-2,6-naphthalene dicarboxylate is

due to the ester group relaxation.

Figure VII.5 shows the plot of e€'"(loss factor)
versus logf while the plot of logTT versus 1/T are
shown in Figure VII.8 for the high temperature process

of dimethyl-2,6-naphthalene dicarboxylate in a polystyrene
1

matrix. This process yielded AHE = 90.1 *2.9 kJ mol °,

_ -1 -1 - , -1
ASE = 148.3 9.8 J K mol —, AGE(ZOO K) 52.4 kJ mol —,
and T = l.lxit.O-7 8, which 4re almost similar to

200 K

the corresponding values obtained for molecular relaxation

process in methyl- and ethyl cinnamates. The experi-

mental entropy of activation, ASE = 148.3 J K—l mol-l
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also agrees well with AS = -128 J K--1

E(calculated)
mol—'1 calculated from the relation (cf: Chapter 1IV)
for a molecular relaxation process. Also the
measured glass transition temperature, Tg = 340 K,
of the sample rules out the possibility of a co-
operative motion and thus, the observed high temperature
(226 - 268 K) dielectric absorption of dimethyl-2,6-

naphthalene dicarboxylate may be ascribed to a molecular

relaxation process.

Table VII.1 shows that o =-naphthyl acetate
in a polystyrene matrix exhibited two dielectric absorption

regions., The low temperature (81 - 128 K) process

yielded AHy = 3.8 0.3 kJ mol™ ", AS_ = -123.2 J K ' mo1™ %,

-1 _ -4
16.1 kJ mol ~, and T100 K ~ 1.2x10 s. Such

with a large negative

AGp 100 k)

low values of AHE and AGE(lOO K)
entropy of activation obtained for this molecule
immediately suggests an intramolecular process. There
may be two intramolecular relaxation processes in

this molecule, one being the rotation about the C#*-0
bond ‘and the other around the O—CAr bond. But the

value of 3.8 kJ mol—-1 for the enthalpy of activation

seems to be significantly low for the rotation about
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the C*-0 bond, which has partial double bond character.

On the other hand, these low values of AHE, AGE, and

ASE for this molecule are comparable to the corresponding

values for methoxy group rotation about the O-CAr bond

in an aromatic system such as 2,6-dimethoxy naphthalene,
in a polystyrene matrix (16). Therefore, the observed
low temperature dielectric absorption of a-naphthyl

acetate may be attributed to the intramolecular motion

about the 0-C bond.
Ar

The high temperature (179 - 222 K) process

for a-naphthyl acetate gave the values of AHE = 43,3

£2.1 kJ mol” 7T, ASp = 41.3 210.4 J k™ mo171, AGE (200 K)

-1 _ N -4 _
35.3 kJ mol ~, and To00 K - 3.9x10 S. B-Naphthyl

acetate in the same polystyrene matrix only showed the

high temperature process (207 - 242 K) and yielded

values of AH, = 60.2 %6.7 kJ mol ', AS_ = 65.1 £28.0
3k mo1™t, ac = 56.5'kJ' mol Y, and T =

’ E(200 K) : ’ 200 K
l.3x10—2 s. These parameters for the higher temperature

process of RB-naphthyl acetate are comparable to the

corresponding values (AHE = 52.4 *£5.3 kJ mol_l, ASE =

-1 -1 -1
38 *21 J K mol —, AGE(ZOO K) = 45 kJ mol and
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T200 K 1x10"l s) for 2-iodonaphthalene (17), a slightly

smaller-sized rigid molecule, in a polystyrene matrix.

In 2-iodonaphthalene theé process is only
that of molecular relaxation. Earlier investigation
(17) also indicates that the barrier for the molecular
relaxation of a o-naphthyl derivative is usually lower
than that of the corresponding B-naphthyl one, which is
in good agreement with the AHE values of 43.3 and 60.2
kJ mol_l obtained for a- and B-naphthyl acetates,
respectively. The possibility of a cooperative motion
of the molecules with the polymer segments was also ruled
out by measuring the glass transition temperature, Tg’
of the samples of d- and B-naphthyl acetates in the
polystyrene matrix; the measured Tg werée 345 and 351 K,

respectively.

All these results suggest that the molecular
relaxation is responsible for the higher temperature
dielectric absorption in a- and B-naphthyl acetate in a

polystyrene matrix.

Table VII.1 shows that B-naphthyl butyrate

gave two absorption processes in a polystyrene matrix.
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The values of AH, = 10.8 0.8 kJ mo1” T, NSy = -45 8.8
L o171, ac 15.3 kJ mol Y, and T =

’ E(100 K) . ’ 100 K
5

4.8x10 s, obtained for the low temperature (79-113 K)

J K~

process of B-naphthyl butyrate may be owing to the

intramolecular motion about the O———CAr bond as in the

case of ao—-naphthyl acetate and 2,6-dimethoxy naphthalene

(16). The high temperature (275-311 K) process for B-

naphthyl butyrate yielded AHE = 57.5 *3.7 kJ mol_l,

_ -1 -1 _ -1
ASE = 72.5 ¥9.7 J K mol ~, AGE(2OO K) 54.9 kJ mol 7,

1 .
T500 K 5.4x10° s and Tg = 349 K, These results for
B~naphthyl butyrate would seem reasonable on comparison

with the corresponding results for molecular relaxation

of o~ and B-naphthyl acetate in the same medium.

R-Naphthyl benzoate in a polystyrene matrix

gave only one absorption process 1in the temperature range

157-195 K and yielded values of AHp = 33.7 £2.5 kJ mol T,
-1 _ -1 -1
AGE 200 K) 30.1 kJ mol™ ", AS; = 17.9 #12.9 J K ~ mol °,
. -5
and T900 K 1.7x10 s (Table VII.1l). Compared to

the above results for the molecular relaxation of a-

and B-naphthyl acetates as well as B-naphthyl butyrate in
the same medium, it is apparent that the observed process
in B-naphthyl benzoate is more likely an intramolecular

relaxation process. But AHE value of 33.7 kJ mol_'1
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seems to be significantly higher for the rotation about
the Q-CAr bond, as 1s observed in a-naphthyl acetate and
B-naphthyl butyrate at liquid nitrogen temperatures.

On the other hand, the temperature range, and the

other relaxation parameters for R-naphthyl benzoate

are almost identical (Table VII.1) with the correspond-
ing values obtained for the intramolecular motion in
ethyl cinnamate and dimethyl-2,6-naphthalene dicarboxylate.
Therefore, a similar conclusion (the probability of both
the ester group rotation and the rotation about the C*-0
bond) can be made for the dielectric absorption .of B-

naphthyl benzoate in a polystyrene matrix.

In order to investigate further the behaviour
of ester group relaxation, cyclohexyl acrylate and cyclo-
hexyl cinnamate were studied in a polystyrene matrix.

The plot of loss factor (€") versus T(K) at 1 kHz
(Figure VII.5) indicates that cyclohexyl acrylate
exﬁibited two distinct absorption processes. Also

good straight line plots of logTt versus 1/T (Figures
VII.1l1l and VII-12) yielded values of AHE = 21.2 0.7

and 46.9 *1.4 kJ mol ', and AS_ = 5.3 4.9 and 22.7

+*5.4 J K-'l mol-'1 for the low temperature (118-155 K) and

high temperature (227-290 K) absorption processes,
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respectively.

For the low energy (AHE = 21.2 *0.7
kJ molhl) process there may be two relaxation candidates
for this molecule, one being the molecular relaxation
and the other ester group rotation. The values of
AHL = 20.1 kJ mo1™ ' and ASy = -1 J k™ mo1”™! obtained
for the ester group relaxation (rotation about C-C*
or C*-0 bond/or both) in methyl acrylate (Chapter VI)
seem to be in good agreement with the corresponding wvalues
obtained for cyclohexyl acrylate. On the other hand,
cyclohexyl acrylate and cyclohexyl iodide (12) (a
slightly smaller-sized rigid molecule) yielded comparable

values of AH = 21.2 $0.7 and 22 kJ mol 1

= -1 -1 - ~
5.3 4.9 and 19 J K~ mol ", AGp ,q0 ¢y = 20.1 and 17.9

s ASE =

kJ mol_l, and To00 K = 4.4x10-8 and l.2x10—8 s, respectively.
In addition, cyclohexyl iodide absorbed in almost the

same temperature range, i.e. 115-145 K (12). Thus,

both molecular and ester group relaxation processes are

equally probable for the low temperature relaxation

process of cycé¢lohexyl acrylate in a polystyrene matrix.

The higher temperature absorption of cyclo-

hexyl acrylate (227-290 K) is clearly due to the intra-
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t

molecular chair-chalir conversioﬁ for which the results
are in good agreement with those observed by

Davies and Swain (18) for cyclohexyl chloride and cyclo-
hexyl bromide with AHE values of 42 and 43 kJ mol—l,
respectively. Similar values of enthalpies of activation,
48 and 50 kJ mol_i, for cyclohexyl iodide and

cyclohexyl methyl ketone, respectively, observed by

Mazid (12) are also consistent with this hypothesis.

The ring inversion of the cyclohexyl
derivatives can be represented by the following diagram
showing the two low energy chair conformations in
equilibrium which, of course, involve a number of

possible intermediates (12).

H (axial)

(equatﬁrial’-—- H (equatorial)

R (axial)
R =substituent
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Cyclohexyl cinnamate in a polystyrene
matrix also exhibited two absorption processes, one
in the temperature range 172-218 K and the other in 235-

255 K. The values of AHE = 33.6 *2.6 kJ mol—l,

_ -1 -1 _ -1
ASE = 8.5 *12.2 J K mol ~, AGE(ZOO Ky ° 31.9 kJ mol —,.
5

TZOO K = 5.0x10 s, for the low temperature process

of cyclohexyl cinnamate would seem reasonable for ester
group relaxation on comparison with the corresponding
values for the low temperature grécess of ethyl cinnamate
in the same polystyrene matrix. Similarly, the high
temperature absorption process (2354255 K) for cyclohexyl
cinnamate with values of AHp = 107.1 kJ mo1™ ! andhASE =
180 J K_l mol_l, may be attributed to the molecular
relaxation process. Moreover, the calculated wvalue of
entropy of activation ASE(calculated) = 165 J K—l mol—l
obtained from the relation (cf. Chapter IV), agrees

well within the limits of experimental accuracy with the

observed value of 180 J K-1 mol—l.

The intramolecular ring inversion process for
this molecule was not detected or alternatively the
process has overlapped with the observed molecular process.
The reason may be the result of increase in the energy
barrier to intramolecular ring inversion for this molecule

due to larger size of the substituent. There is evidence (19)



229

from n.m.r. studies that the substituent effects upon the
energy barriers to ring inversion depend directly on

the effective size of the substituents. The observed
values of enthalpies of activation, 42, 43, 48, 46.9,

and 50 kJ mol_l for cyclohexyl chloride (18), cyclohexyl
bromide (18), cyclohexyl iodide (12), cyclohexyl acrylate,
and cyclohexyl methyl ketone (12), respectively, also
support the substituent effects upon intramolecular ring

inversion.
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TABLE VII,2:
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Tabulated Summary of Fuoss-Kirkwood
Analysis Parameters, €_, and Effective
Dipole Moments (M) for a variety of
Aromatic and Related Esters

T (K)

1081 (8)

logfm R 10

3. n
ax € max Eoo H(D)

0.61 M Methyl benzoate in Polyphenyl Ether
Low Temperature Process

171.6
177.9
185.2
191.8
197.4
204.4
211.2

768

405

210
95.4
50.2
21.9
10.3

2.32 0.20 8.24 2.95 0.68
2.59 0.19 8.62 2.95 0.72
2.88 0.18 9.14 2.95 0.78
3.22 0.18 9.66 2.95 0.82
3.50 0.17 10.07 2.94 0.87
3.86 0.17 10.61 2.94 0.91
4.20 0.18 10.72 2.95 0.90

High Temperature Process

255.2
259.3
263.6
266.9
273.5

1049
464
65.3
20.4
7.61

2.18 0.56 506.69 3.27 3.44
2.53 0.46 596.69 3.26 4.09
3.39 0.54 589.36 3.33 3.78
3.89 0.67 580.73 3.53 3.97
4.32 0.66 577.55 3.61 4,12

0.60 M Ethyl benzoate in Polyphenyl Ether
Low Temperature Process

163.4
168.4
172.4
177.1
183.4
192.0
198.0
204. 4

543

238

193
85.4
51.5
21.2
11.0

9.30

2.47 0.20 4.69 2.94 0.51.:
2.82 0.21 4.85 2.94 0.51
2.91 0.20 4.95 2.94 0.53
3.27 0.20 5.23 2.94 0.56
3.49 0.20 5.40 2.94 0.58
3.88 0.20 5.93 2.94 0.62
4.16 0.19 6.27 2.94 0.66
4.23 0.21 6.41 2.95 0.64
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TABLE VII.2: continued...
T (K) 10%7 (s) logt B 107" e W(D)
max max oo .
High Temperature Process
258.9 745 2.33 0.43 600.64 3.17 4,32
262.8 91.8" 3.24 0.54 583.27 3.28 3.80
265.7 26.8 3.77 0.59 579.21 3.32 3.64
268.8 10.4 4.19 0.61 567.22 3.37 3.54
271.4 4.47 4.55 0.69 552.02 3.52 3.24
0.49 M Ethyl-p-Chlorobenzoate in Polyphenyl Ether
163.5 584 2.44 0.27 1.65 2.92 0.29
172.1 244 2.81 0.23 1.71 2.93 0.33
178.2 115 3.14 0.22 1.74 2.93 0.34
184.8 60.3 3.42 0.27 1.88 2.93 0.33
192.5 35.7 3.65 0.24 2,02 2.93 0.45
197.2 25.2 3.80 0.24 2.10 2.93 0.37
204. 4 10.5 4,18 0.25 2.25 2.93 0.39
211.3 6.85 4.37 0.24 2.32 2.94 0.41
0.61 M Methyl salicylate in Polyphenyl Ether
216.8 745 2.33 0.25 10.24 2.98 0.77
223.8 540 2.47 0.24 11,39 2.98 0.83
230.2 338 2.67 0.22 12.44 2.98 0.91

236.0 235 2.83 0.20 13.58 2.95 1.02
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TABLE VII.2: continued...

_ 6
T "
(K) 1071 (s) logf .« B 107e" 1y €a U (D)

0.60 M Methyl cinnamate in Polystyrene Matrix
Low Temperature Process

140.8 1050 2.18 0.20 8.61 2.57 0.69
149,9 575 2.44 0,18 9.69 2.58 0.79
160.7 202 2.90 0.15 10.69 2.59 0.93
170.0 65.3 3.39 0.14 11.52 2.58 1.03
175.3 29.0 3.74 0.15 12.01 2.67 1.01
181.8 10.8 4.17 0.15 12.95 2.69 1.10
191.2 2.36 4.83 0.14 13.83 2.70 1.17

High Temperature Process

257.8 539 2.47 0.15 11.70 2.66 1.22
265.7 112 3.15 0.12 11.95 2.63 1.41
268.5 74.4 3.33 0.15 12.20 2.67 1.26
273.1 24.6 3.81 0.11 12.21 2.62 1.50
288.6 5.47 4,46 0.16 13.49 2.68 1.34

0.51 M Methyl cinnamate in o-Terphenyl

161.7 617 2.41 0.22 5.22 2.77 0.57
167.0 405 2.59 0.20 5.43 2.77 0.62
173.0 182 2.94 0.21 5.71 2.74 0.63
179.7 80.3 3.30 0.21 6.01 2.74 0.66
185.5 39.5 3.60 0.21 6.28 2.74 0.69
191.5 20.7 3.88 0.23 6.55 2.75 0.68
196.4 12.8 4,09 0.23 6.77 2.75 0.70
202.8 7.56 4.32 0.25 7.06 2.75 0.70

208.2 4,08 4.59 0.24 7.28 2.75 0.73
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TABLE VII.2: continued. ..
T (K) 10%1 (s) logf 8 103" e W (D)
max max bl
0.57 M Methyl cinnamate in Polyphenyl Ether
159.5 993 2.21 0.22 5.49 2.91 0.53
169.1 305 2.72 0.23 5.84 2.91 0.54
176.5 126 3.10 0.21 6.21 2.91 0.60
188.3 34.8 3.66 0.23 6.86 2.91 0.62
193.6 20.7 3.88 0.24 7.21 2.92 0.64
197.8 13.4 4.07 0.24 7.33 2.92 0.64
204.8 7.17 4,35 0.26 7.70 2.93 0.64
212,2 3.01 4.72 0.25 7.99 2.93 0.68
0.33 M Dimethyl-2, 6-naphthalene dicarboxylate in
Polystyrene Matrix
225.9 18338 0.94 0.40 23.67 2.34 1.59
230.7 9052 1.25 0.33 24.51 2.34 1.63
235.6 2950 1.73 0.31 23.43 2,34 1.66
240,2 1094 2.16 0.29 22.05 2.3¢4 1.68
246.,9 323 2.69 0.28 20.47 2.33 1.68
251.7 117 3.13 0.29 19.16 2.34 1.61
255.9 58.9 3.43 0.31 18.37 2.34 1.54
260,2 33.1 3.68 0.34 17.73 2.34 1.46
264.9 15.9 4.00 0.34 16.41 2.3¢4 1.44
268.4 9.55 4.22 0.34 15.21 2.34 1.37
0.48 M o-Naphthyl acetate in Polystyrene Matrix
Low Temperature Process
81.2 413 2.59 0.14 1.25 2.30 0.28
88.0 267 2.78 0.15 1.36 2.31 0.30
98.5 197 2.91 0.13 1.52 2.31 0.36
111.2 71.9 3.34 0.11 1.66 2.31 0.43
118.5 49.6 3.51 0.09 1.75 2.31 0.50
127.2 35.7 3.65 0.10 1.86 2.32 0.51
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continued...
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; 6 3 .

T (K) 107t (s) lngma B € hax €, u (D)
High Temperature Process

179.0 10864 1.17 0.10 3.37 2.29 0.82
186.3 2798 1.76 0.12 3.50 2.30 0.78
191.7 1449 2.04 0.11 3.63 2.30 0.83
198.6 482 2.51 0.13 3.80 2.30 0.80
204 .2 260 2.79 0.12 3.93 2.30 0.86
212.2 83.3 3.28 0.10 4,09 2.30 0.97
218.0 36.3 3.64 0.10 4,21 2.30 1.00
222.1 25.8 4.50 0.10 4.32 2.30 1.02
0.55 M B-Naphthyl acetate in Polystyrene Matrix
207.5 3700 1.63 0.09 3.22 2.40 0.82
216.2 864 2.27 0.08 3.36 2.39 0.91
224.7 174 2.96 0.09 3.50 2.40 0.90
230.1 60.4 3.42 0.10 3.60 2.40 0.87
232.6 54 .4 3.47 0.12 3.70 2.40 0.81
237.5 35.3 3.65 0.13 3.77 2,40 0.80
241.6 23.4 3.83 0.12 3.79 2.40 0.84
0.38 M B-Naphthyl-n-butyrate in Polystyrene Matrix
Low Temperature Process

79.0 1892 1.93 0.17 3.14 2.54 0.43

84.2 783 2.31 0.17 3.29 2.55 0.45

86.2 430 2.57 0.18 3.37 2.54 0.45

93.1 116 3.10 0.18 3.59 2.55 0.48

98.2 49.5 3.50 0.20 3.72 2.54 0.48
102.4 26.4 3.68 0.22 3.88 2.56 0.48
106.1 25.5 3.80 0.23 3.91 2.55 0.47
113.1 12.6 4.20 0.27 3.90 2,55 0.48
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TABLE VII.2: continued...
T(k)  1057(s) logf i 107e" e WD)
max i " max o

High Temperature Process

275.3 2156 1.69 0.18 3.43 2.55 0.81
280.4 1941 1.91 0.15 3.46 2.54 0.89
286.2 1069 2.17 0.14 3.47 2.54 0.94
292.2 655 2.39 0.13 3.49 2.53 0.99
300.7 357 2,65 0.14 3.53 2.53 0.99
311.2 121 3.02 0.12 3.56 2.52 1.00

0.34 M B-Naphthyl benzoate in Polystyrene Matrix

156.5 5746 1.44 0.12 3.62 2.46 0.83
165.8 1590 2.00 0.13 3.79 2.46 0.84
170.0 825 2.29 0.14 3.89 2.46 0.83
175.0 338 2.67 0.16 4.00 2.47 0.79
179.4 168 2.98 0.16 4.07 2.46 0.81
185.2 87.9 3.26 0.18 4.24 2.47 0.79
190.4 50.5 3.50 0.19 4.36 2.48 0.79
195.1 33.2 3.68 0.21 4.50 2.47 0.78

0.59 M Cyclohexyl acrylate in Polystyrene Matrix
Low Temperature Process

117.5 623 2.41 0.18 5.82 2.45 0.56
123.5 183 2.94 0.19 6.07 2.45 0.57
127.8 89.1 3.25 0.20 6.30 2.46 0.58
132.,7 42,2 3.58 0.21 6.52 2.45 0.59
136.7 23.0 3.84 0.21 6.72 2.45 0.60
141.7 10.7 4.17 0.22 7.01 2.46 0.61
146.5 6.95 4.36 0.23 7.31 2.45 0.62
151.5 3.26 4.69 0.23 7.58 2.45 0.64

155.4 2.33 4,84 0.23 7.72 2.45 0.66
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TABLE VII.2: continued...
T (K) 10%1 (s) logf: 8 103¢" € W (D)
max max ®©

High Temperature Process

226.5 1024 2.19 0.31 9.90 2.52 0.77
231.4 529 2.48 0.34 9.53 2.52 0.73
237.6 241 2,82 0.40 9.44 2.52 0.68
243.3 138 3.06 0.40 9.35 2.51 0.68
248.3 89.1 3.25 0.40 9.12 2.51 0.68
252.5 59.0 3.43 0.42 9.06 2.51 0.67
260.0 32.4 3.69 0.44 8.76 2.51 0.67
266.8 16.8 3.98 0.41 8.54 2.50 0.68
274.9 8.87 4,25 0.39 8.27 2.50 0.69
282.8 5.37 4,47 0.44 7.86 2.50 0.66
289.5 3.27 4.69 0.42 7.42 2.50 0.65

0.38 M Cyclohexyl cinnamate in Polystyrene Matrix
Low Temperature Process

172.1 1113 2.06 0.18 4.32 2.52 0.72
176.1 953 2.22 0.17 4.70 2.52 0.78
184.0 375 2.63 0.16 4.82 2.52 0.83
192.0 123 3.11 0.17 4.92 2.51 0.84
199.4 40.4 3.59 0.14 5.12 2.51 0.95
205.8 27.7 3.76 0.14 5.41 2.50 0.98
211.4 20.5 3.99 0.16 5.74 2.50 1.01
217.6 9.95 4,20 0.15 6.09 2.50 1.06

High Temperature Process

235.2 659 2.38 0.19 15.06 2.51 1.53
238.3 344 2.67 0.21 14.64 2.52 1.54
241.0 131 3.08 0.19 15.16 2.51 1.55
245.4 54.0 3.47 0.20 15.02 2.51 1.52
248.3 20.2 3.89 0.17 14.66 2.51 1.63
250.1 14.6 4,04 0.18 14.64 2.50 1.60
251.3 9.43 4,23 0.19 14.87 2.49 1.57
253.4 6.20 4.41 0.20 15.03 2.49 1.55

255.2 4,38 4.56 0.21 15.27 2.50 1.53
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