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SUMMARY

Dielectric absorption of aromatic and aliphatic molecules
containing the rotatable substituent group and of some analogous
rigid molecules in solutions of polar solutes dispersed in an
atactic polystyrene matrix are studied. Preparations of these
solutions as solid disks and the dielectric measurements using a
General Radio 1615-A capacitance bridge and a Hewlett-Packard
Q-meter with appropriate temperature-controllable cells are

described.

Dielectric relaxation times and energy barrier parameters
of a fairly wide range of rigid molecules, viz., halobenzenes, p-
halotoluenes and p-halobiphenyls are determined. The results of
these rigid molecules are used to suggest a possible correlation
between enthalpy and entropy of activation; enthalpy of activation
and volume needed for the reorientation of molecules; and a molecule's

moment of inertia and relaxation time.

Of the dialkyl and diaryl disulfides examined, an intra-
molecular rotation around S — S bond is detected in all the
dialkyl disulfides and in some diaryl disulfides. The enthalpy

barrier to this relaxation process is found to be ~29 kJ mol'].



Rotation of the ester group is examined in aromatic esters
and some related compounds. The enthalpy barrier to intramolecular
rotation of the ester group is found to be ~32 kJ mo]'], and the

-1
entropy of activation is determined to be 27 J K  mol in dimethyl

terephthalate.

For heterocyclic aldehydes, the activation enthalpy of
aldehyde group relaxation is found to be much larger than the usual
group value in aromatic aldehydes, and is explained in terms of
increased conjugation in the former. Measurement of croton-
aldehyde provided a considerably high value of AHE for aldehyde group
relaxation, which is accounted for by the enhanced conjugation as

reflected in its low carbonyl stretching frequency.

The contribution of the intramolecular rotation of a variety
of segments, including the —CHO group, to the absorption of long-

chain aliphatic aldehydes is indicated by the relaxation parameters.
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CHAPTER I

INTRODUCTION



The dielectric absorption technique has been the subiect
in dealing with a variety of problems; on the one hand, studies
of the properties and uses of commercial dielectric materials,
and on the other, investigating the foundations of dielectric
theory. However, a large amount of effort has gone into physico-
chemical studies1, where the means existed mainly to understand
the structure and molecular forces. A vast majority of dielectric
studiesz’3 for gaining information of the molecular structure in
dilute solutions of a polar substance in a non-polar liquid or
in pure polar Tiquids have been carried out at microwave frequen-
cies. Aromatic molecules containing rotatable polar groups have
beén studied4 extensively by the dielectric absorption technique.
Information about the dielectric properties of agricultural materials

5,6 in this area.

has also been the subject of applied studies
Considerable information has also been obtained from dielectric

absorption measurements of polymers and their aqueous solutions.7

Recently, considerable amount of effort has gone on the

materials of biological interest.8’9 10

Dielectric measurements
have provided a sensitive means of investigating the properties
and uses of commercial dielectric materials in solid phase. In
recent years, the dielectric absorption studies of polar

solutes dispersed in polystyrene matrices have received considerable



attention in the literature. This method has proved its success
for determining the reasonable intramolecular energy barrieﬁll’12,
which can also be obtained with the other relaxation techniques.]3

The main advantage of this technique is that for a non-

rigid polar moleculeywhere there exists a possibility of simultaneous
molecular and intramolecular processes, the relaxation time for

the former process can be increased to such an extent that either

it may be slowed down considerably or may even be

eliminated owing to the highly viscous surrounding medium
(polystyrene matrix), so that the contribution of molecular and/or
intramolecular relaxation to dielectric absorption may be studied
separately. Such a technique appeared more straightforward in
comparison to the dielectric solution studies, since in this latter
situation the molecular and intramolecular processes overlap,
necessitating the use of a Budd analysis for the interpretation of relaxation
data, which in a numberof cases is now known to be unsatisfactory.14
In addition, owing to the inadequate frequency and temperature

ranges, the relaxation times and energy barriers cannot be deduced
with reasonable accuracy. However, these obstacles do not seem to be
in the way of the polymer matrix technique, as different instruments
can be used to cover a wide frequency range of investigations

over a broad range of temperature (i.e., from the Towest liquid

nitrogen temperature to the glass transition temperature of the

matrix). Thus, it seemed that the dielectric absorption work employing

the matrix technique would provide a sound basis for determining



the activation parameters, comparable with those determined by

the relaxation methods.

The basic theories and related equations
for dealing with dielectric absorptions are now well established.
Dielectric dispersion is a phenomenon which occurs in materials
containing polar molecules. A polar molecule is one which has a
permanent electric dipole moment. For a dipolar molecule the
so-called dielectric constant is no longer a constant, but varies
with the frequency of an applied electromagnetic field. This
frequency dependence arises from the inability of the dipole orien-
tation to keep pace with the changes in the direction of the applied
field at higher frequencies (> 108 c/s), and as a result the permit-
tivity (dielectric constant) decreases with increasing frequency
in the region of anomalous dispersion. This phenomenon of the permit-
tivity falling off with increasing frequency is accompanied by the

absorption of energy and is known as "dielectric dispersion".

In the frequency regionywhere the dispersion occurs, the

dielectric constant is a complex quantity, e*.
ex = ¢! - i I-1

The real permittivity,e', s commonly called the dielectric

constant (even though it is not a constant), " is the imaginary



part or loss factor, ard is a measure of the conductance of the

medium and its ability to dissipate energy, and i = V=T .

For a simple system, the frequency dependence of ¢'
and " for asingle relaxation process 't' may be expressed3 by

Eqn: 1-2:

(e

+ ——
© 1+iwT

- e.)

where € and ¢ are the low and high frequency limiting
value of e¢*, respectively, w is the angular frequency in rad s'],
and t is known as the relaxation time in s and defined as the time
in which the polarization is reduced to 1/e times its original value,

where 'e' is the natural logarithmic base.

Combining Eqns. 1-1 and 1-2 and separating into real and

imaginary parts yields the Debye-Pellat equations 1-3 and 1-4.

(e, - &)
8' = Eoo+__9———_
T+w212 1-3
(e e ).wt
R 1-4



From Eqn. 1-4 it is evident that <" is a maximum for

wt = 1 and
e" =_0 = 1-5

Thus , measurements of ' and " at frequencies in the
absorption region permit the evaluation of relaxation time. By elimina-
tion of 'the frequency and relaxation time variables from Eqns. 1-3
and 1-4, the following Eqn. 1-6 is obtained, which is the basis of
the Cole-Cole complex plane plot:

e +¢ 2 e . ~¢ 2
{e' - 0 °°} + (8")2 = 0 °°} 1-6

A plot of " against €' in the complex plane gives a semi-

circle with radius (Eo - gm) and its centre is on the abscissa at a
2
distance (e, + ¢,)/2 from the origin.

The above equations apply to both liquids and solids, although
different models have been used in their derivation and as mentioned
are valid for systems having a single discrete relaxation time, i.e.,

a "Debye process".

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. Thus, for the simplest system, which
has contributions from two distinct relaxation processes, Budod
has shown that Eqns. 1-3 and 1-4 may be modified to include a
weighted sum of two terms, one for each process, and thus for
two different processes with relaxation times,r] and Tys We have

Egns. 1-7 and 1-8:

e' - ¢ C C
€ = o 1+(w11) 1+(w12)
g" C]uo'r-l Cszz 18
- = 2 * 2
€0 " €o ]+(wT1) ]+(w12)

where C] and C2 are normalizing constants, such that
¢, ¢+ C2 = 1. The relaxation times can thus be obtained from the
complex plane plot for such systems which will depend on the
relative magnitudes of 7, 1,, and C; but may often be approximated
by a sector of a semicircle. It is to be noted that,when neither
Debye-Pellat nor Budé analysis is suitable for any system, several
modified relations could be employed for the analysis of experimental

data, such as the Cole-Cole equation, the Cole-Davidson equation,



or the Fuoss-Kirkwood equation.

For many systems, the dielectric absorption is not
characterized by a single discrete relaxation time. Cole and (:o]e]5
considered the case of a continuous distribution of relaxation times
about a most probable value,t, and after modification of Eqn. 1-2

obtained Eqn. 1-9:

(Eo " &) 1-9

1+(1wr0)]-a

e¥ = ¢ +
o o]

where i = V=T , a is known as the Cole-Cole distribution
parameter, an emperical constant which measures the width of the

distribution and may take values between 0 and 1.

The Egqn. 1-9 may be rationalized] to yield Egn. 1-10
and Eqn. 1-11:

e' -~ e ]+(mro)]-a sin{an/2)
e - T-s 2=y 10
o) ® 1+2(wr0) sin(an/2) + (wto)

e" (wro)]-a cos(amn/2) 1-11

€, = €, T*Z(wro)1-a sin(am/2) + (wTo)Z(l-a)



For o = 0, the equations reduce to the Debye-Pellat
Eqns. 1-2, 1-3, and 1-4. For non-zero values of a, the Cole-Cole
complex plane plot of ¢" against e' retains the semicircular form,
but the centre lies below the ¢' axis on a line drawn in the
positive e' direction from e_ but rotated in a clockwise direction

T

about this point by the angle 5+ radians.

Further, a distribution similar to a right skewed arc may

also be well represented by the Cole-Davidson distribution functioanJ

Enq. 1-12, which may be rationalized to Egns. 1-13 and 1-14.

e* - €, ! 1-12
eo - €°° ('|+in)
g' - ¢
“ - cos" (4) cos(he) 1-13
E'O - 800
il h i 1-1
——— = cos (¢) sin(he) -14



where i = /-T , ¢ = arc tan(wt), and 'h' is again a con-
stant which may have values 0 < h < 1, with h = 1 corresponding to
the Debye Eqn. 1-2. The shape of the complex plane plot described
by these equations is a skewed arc with the maximum value of " gc-
curring to the right of the centre of the arc, and this is often
taken to indicate that the dielectric absarption arises from a
relaxation mechanism which involves co-operative motion of the sur-

roundings of the dipolar molecule.

For systems, where the dielectric absorption are much
broader than a Debye curveowing to the presence of a range of relaxa-
tion times, then Fuoss-Kirkwood's equation]7 can frequently be

employed: Eqn. 1-15.

— | f
"obs = €'max S€ch (8 In (?QEEO} 1-15
max

where 'f' is the frequency in c/s and fma is the frequency

X
of maximum absorption. 'B' varies between unity for a single relaxa-

tion (in the Debye case) and zero for an infinite range, and (1/8)
measures the width of the absorption relative to the simplest (Debye)

process.



CHAPTER 11

EXPERIMENTAL PROCEDURES
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INTRODUCTION

The dielectric properties of polar materials have been
seen to arise from éhe ability of their dipoles to reorientate in
the presence of an applied electric field. Consider the applica-
tion of a static electric field to a dipolar material, composed of
randomly orientated electric dipoles between the plates of a condenser,
Thus, the dielectric constant or permittivity of the materid]s, €gs Which
is a frequency-dependent quantity and is characteristic of the medium
between two charges may be defined as the ratio of the field strength in
vacuum to that in the material for the same distribution of charge. The
permittivity, €4, is also given by the ratio of the capacitance of a
condenser with material, C, between the parallel conducting plates
to the capacitance of the same condenser when the material is re-
placed by a vacuum, qo’ Egqn. II-1:

€0= _C-‘ II‘]

If a low-frequency sinusoidal e.m.f. is applied to a
dipolar material, then it may cause the molecules partly to re-
orient before the field reverses. This reorientation of the dipoles
is the molecular process transmitting the electromagnetic energy
through the medium and js equivalent to an electric current, It
is known as the displacement current in the "dielectric". When there
is no lag between the orientation of the molecules and the variations

of the alternating voltage, then the displacement current will be 90°
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out of phase with the e.m.f., the former being ahead of the

latter. In the phase diagram (Figure II-1), it seems that there is
no component of the current in phase with the e.m.f., so the Joule
heating measured by the product e.x.i. is zero in the system. This
system corresponds to an ideal dielectric in which the electric

energy is transmitted without loss.

L
A

Fig. II-1
o]

\90

’ﬂirnjf

As the frequency of an applied electric field for a dipolar
material increased, from a static field up to the micro-
wave region, the reorientation of dipoles in the field will, at some
stage, lag behind the voltage oscillations. The resulting phase
displacement (s§) leads to a dissipation of energy, such as Joule heating

in the medium. This is measured by the dielectric loss (") defined

as Eqn. II-2:
tans = — I1-2
where €' is the real part of the dielectric constant,

tans is the loss tangent or the energy dissipation factor, and &"

is the loss factor. It dis a measure of the conductance
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in the medium, and so is directly proportional to the concentration
of the polar material in the dielectric. In this frequency region
the dielectric constant is a complex quantity as given by Eqn. I-1.
The relationship between e',.e" and § is shown by the diagram:

Fig. II-2.

Fig. II-2

> 7
€

A1l the dielectric measurements depend to a large extent
on the above mentioned principles. A considerable variety of
experimental methods is available for measuring ' and €": they
differ according to the frequency region being covered. However,
for the present study, the dielectric measurements have been made
on a General Radio capacitance bridge, type 1615-A, and the Hewlett-

Packard Q—meterbtype 4342-A.

APPARATUS
The General Radio Bridge

The General Radio capacitance bridge has a useful frequency

coverage, from 50 to 105 Hz, if it is used in conjunction with their



13

model 1310-B sine wave signal generator and model 1232-A tuneable
amplifier/null detector. The signal generator output was divided
into two parts< one part was allowed to go to the capacitance bridge
input terminals and the other part was used to supply the horizontal
deflection signal of the oscilloscope. The vertical deflection
signal for the oscilloscope was provided by the amplified

bridge unbalance signal from the output terminals of the model

1232-A detector. This was connected to the ground lead with a small
capacitor to avoid the possibility of errors due to ground loop
currents. Thus, the vertical amplitude of the oscilloscope pattern
reflected the magnitude of the bridge imbalance. The oscilloscope
pattern allows one to see more easily the average value of the signal
to judge whether the null balance has been achieved or not, so that
any imbalance of bridge controls could be corrected easily to achieve
the desired null condition. More importantly, it has an advantage

at Tow frequencies, where environmental noise makes a contribution

to the total signal displayed by the null detector. In addition,

at these frequencies, the transformer core in the bridge may become
saturated if the generator supplies a high Signal power. This
condition may be indicated by a severe distortion on the oscilloscope
pattern. Thus, the oscilloscope allows the user to set the signal
generator output to the maximum possible Tevel without causing errors

due to transformer core saturation,
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The General Radio bridge measures the capacitance and
conductivity of the capacitor. Then with the help of»these'quantitiés,
the real and imaginary parts of the permittivity result from the

following equations, 1I-3 and II-4:

C
g' = = II-3
CO
v 2 G -
g wCo I11-4

where 'G' is the conductivity of the system, w = 2nf =

angular frequency of the applied field)and the other terms

are as mentioned previously.

The capacitor measured by the GR bridge consisted of the
polystyrene matrix disk clamped between the high and Tow electrodes.
The measurement of C0 is difficult, as it would require the
electrodes to be arranged exactly as they were when they contained
the sample, but without the sample, Co values may be calculated from

the relation25 Eqn. II-5:

0.2244 A

) 1

Cz ——— 1
d;

11-5



15

5cm
: .
LT
¥
BN
T _OGT =y
1T
T H l
oo S

o~

SIE://, HTENEE[- :;/// S

= O =P

Figure 1I-3 Three-terminal electrode assembly for

Key: LT.
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H
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dielectric measurements on solid disks.
Low electrode connection terminal
Boron Nitride insulgting support plates
Guard ring connection terminal
High electrcde
High electrode connection terminal
Brass support plate
Release nut

Steel clamping springé
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where A] is the effective area of the plates in ins..2
C 1is the capacitance in units of picofarads, and.d] is the spacing

of the plates in ins,

In view of convenience for the handling of experimental

data, Eqns. II-3 to II-5 can be combined, which leads to the following

Egqns. 1I-6 and II+7:

et = 4 11-6
0228 Ay

- €'G

R 11-7

where 'G' is the conductivity in picomhos, and the other

terms have the same units.

The capacitance of the cell containing a standard quartz
disk of diameter 2.0 inches, thickness 0.0538 inches (supplied by
the Rutherford Research Products Co., Rutherford, New Jersey, U.S.A.)
and with a dielectric constant of 3.819 was measured. This value
was then used to determine the effective area of the cell electrode

plates 'A1'.

A schematic diagram of the electrode assembly is shown
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in Fig. II-3*, which is a three terminal assembly with an outer
diameter of 2.0 ins. The low electrode had a diameter of about

1.5 ins. and was surrounded by a guard ring electrode of outer

diameter of 2.0 ins. The electrodes, which were held together by

four brass rods of 0.5 ins. diameter passjng through the four corners,
were mounted on two square blocks of borop nitride. The electrodes
maintain pressure pn the ca. 0.07 in. thick sample disk by springs on
each of the four rods. This type of arrangement for the electrode
assembly overcomes considerably any errors due to fringing of the
electric field at the edges of the measurement area. Thus, the
measured capacitance is solely that between high and low electrodes.
The electrode assembly was mounted in an air-tight aluminum chamber with
walls 0.5 ins. thick which could be sealed off from the atmosphere. Two
sealed tubes provided connections to the electrodes, and two more tubes
provided the chamber to be purged with dry nitrogen gas and then main-
tained a slight positive pressure to avoid the inlet of atmospheric
moisture during low-temperature measurements. The exterior of the
chamber was surrounded by a heating coil of nichrome wire. The

heater resistance was about 2 ohms, so that a 12 volt supply provided
a heating power of about 70 watts. Temperature control of better

than 0.1 K could be achieved by connecting the heater to the output

of a Beckmann/RIIC model TEM-1 temperature controller., Cooling of

the chamber was accomplished by conduction from a flat-bottomed

aluminum container with liquid nitrogen which was placed on its flat-
*

Reproduced by the courtesy of C.K.McLellan of this laboratory.



LEAF 18 OMITTED IN
PAGE NUMBERING



19

Key to Figure 1I-4 on facing page

SB
L
cp
H
I
G
TC

BP
HC

Spring bellows

Low electrode in contact with case

Centre plate

High electrode

Insulating supports for high electrode (four)
Locating guides for centre plate (three)
Thermocouple in well

Handle for operation of switch

Nitrogen gas inlet (outlet not shown)

Switch assembly

Banana plug connectors for low (case) terminal
High electrode connection strip

Quartz spacer

Sample (2" dia. disk) location

Electric heater coil
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Figure 11-4 The Morgan tri-electrode cell for Q-meter.
(key on facing page)
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plated, flexible metal strip. The cell consists of two capacitors,
sharing a common p]&te between the sample on one side and an air gap
partially filled wiéh a 1 in. diameter quartz disk on the other side,
serving as the reference capacitors. The sample and the reference capa-
citors are placed inside the low and high electrodes, respectively. The
sample or the reference capacitor can be examined separately with the

help of a switch arm, mounted on the common central plate by allowing this
plate to be connected either to the low or the high side. When it is con-
nected to the low plate of the sample capacitor, the common plate then
becomes the low plate for the reference capacitor, and the sample capacitor
is removed from the circuit. When the common plate 1is connected to the
high plate of the reference capacitor, this capacitor is removed from the
circuit, and the common plate becomes the high plate of the sample capaci-
tor. Thus, in this manner the switch provides the Q-meter to examine
either the reference capacitor or the sample capacitor. The whole cell
assembly was insulated with styrofoam. The cooling of the chamber, the
arrangement for the stabilization of temperature, and the cell case were

similar to those for the General Radio bridge.

At the start of a set of measurements, the sample disk
is placed in the appropriate position, and the air spacing is adjusted
between the reference capacitor plates, so that the two capacitors have
about the same capacitance value. This can be judged by their ability to
achieve resonance of the Q-meter circuits. at the same settings of the meter's
capacitance controls for both capacitors. Principally, thé‘capacitance
difference between reference and sample capacitors could be related to the

dielectric constant of thé sample if this parameter is known for at least

one frequency.
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However, these data were not used, as this information gave no
consistent values fér'the dielectric constant of the sample. Thus,

for the present work, the values of dielectric loss factor, e",

as a function of frequency were evaluated. One assumes that

the conductivity, G, of the measurement system is composed of two
additive components, one each for the sample and the measurement
system alone, then Eng. II -8 can be obtained, This is accomplished by
Eqns. I1-3 and 1I-4, bearing in mind the definitions of loss

tangent and of Q.

G, - G G G
= X _r . X _ r
(tans) ot o " ot
1 1
Qy Q,
L
Qx Qr
( ) AQ ACr
Therefore: (tans)_ = — X = 11-8
s QX 2Cr
where (tané)S = tans for the sample only,

Q is the Q value for the capacitor being examined,

AQ is the Q readings difference for sample and reference,
Cn is the capacitance of the reference capacitor,

AC,, is the width of the peak of Q vs C for the reference
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capacitor, measured at QJV’?,

and thesuLscripts‘x‘ and ‘r' refer to the corresponding
values when measured for the sample and reference capacitors,
respectively.

The value of Cr is now not known, but it was adjusted to be

equal to the value of the sample capacitor, Cx.

Now, by applying Eqns, II-3 and II-5 and then II-2, we can

obtain Eqn. II-9:

where

(aQ)(acC,)(dy)

='s ~ Q202285 A =

-e"_ represents the dielectric loss factor of the sample,

s
d.l = sample thickness in inches,

A, = effective area of the cell electrodes in one of the
capacitors, and.the remaining quantities have similar meanings

as defined previously in Eqn. 11-8.

Preparation of Polystyrene Matrix Sample

The samples used for the present study were all solid

disks consisting of polar solutes dispersed in polystyrene matrices.

The procedure employed for the preparation of the matrix was similar

to that described by Davies and Swain.

1 The desired amount of
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solute to make about 5 mole percent in the matrices was placed in

a ceramic crucible, and to this the required weight of atactic
polystyrene pellets (Monomer-Polymer Laboratory, Philadelphia,

M, = 236,000) was added. This mixture was then dissolved in 10 ml
of a non-polar solvent, trans-1,2-dichloroethylene (b.p. 320.7K).
The mixture was thopoughly stirred until it dissolved, and then the
crucible was placed in a drying oven at about 1000C. After
sufficient evaporation of the solvent, when the mixture became an
extremely viscous mass, the crucible was removed from the oven and
allowed to cool so that the viscous mass could be gently pried

away from the crucible walls by using a stainless steel spatula.
Then, it was rolled into a flat disk and was placed on a teflon
sheet in a vacuum oven at about 85°C, and the pressure reduced by

a single-stage rotary pump. Repeated checks by heating to constant
weight in a vacuum oven at 850C, ensured that the polystyrene matrix
contained the least amount of the solvent (<1%). The procedure was
altered for a few cases where the solute molecules were very
volatile (b.p. < 125°C). In these cases, no solvent was used.

The desired weight of polystyrene was dissolved directly in a large
excess of the solute (which was in the 1iquid state), and the same
evaporation process was carried out. The final evaporation in

the vacuum oven was then made until the total sample weight indicated

that the polystyrene matrix contained the desired amount of solute.
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Finally, the matrix material was placed in a stainless
steel die with po1is%ed tungsten carbide die faces of 2 inches
diameter. The die was heated to a temperature of about 115%C for
20 minutes necessary to melt the matrix material. The sample
was then pressed by applying a pressure of about 5 tons after which the
die was -cooled ynder pressure with a fan for about 30 minutes.
The specimen was finally pushed out as a glass-like circular disk
of about 0.Q07 inches thick. The edges of the sample disk were
1ightly smoothed with a sharp knife blade, and its average thickness
was measured with a micrometer. The sample weight was also noted,
and then solute concentration in a polystyrene disk was calculated

in moles per litre by using the formula:

wt. of solute used wt. of disk 1
Concentration = X X
M. wt. of solute Wt. of p.s. & Vol. of disk
solute

Samples of pure solids were prepared by grinding the solid
with a mortar and pestle, placing the powder in the die, and pressing
it at room temperature with a pressure of 30 tons. The concentrations
of the pure solids were calculated in a similar way by measuring

the weight and thickness of the disk.

A1l the polymer disks used for this work had low



26

solute concentrations (~5% by weight). The polar solutes are
monomolecularly dispersed in the matrices, so that any Strong
infernal electric field, for example, in the crystalline solids is
largely eliminated. In addition, such low concentrations would not
affect appreciably the relaxation process, as Borisova and Chirkove?
have shown for small molecules dispersed in a polystyrene matrix that

the energy barrier for molecular relaxation in these molecules

is independent of concentration (<5-7 mole percent).

Evaluation of Results

For the work of this thesis, the real and imaginary parts
of the complex dielectric permittivity e* = ¢' - ie" have been
measured for dilute solutions of several polar molecules in a
polystyrene matrix over suitable ranges of temperatures and frequencies.
This was accomplished by using the General Radio bridge and in some
cases the Q-meter. The dielectric loss factor of the pure solute was
obtained by subtracting the loss factor of pure polystyrene (obtained
through similar measurements) from that observed for the matrix
solutions {EHSO]Ute = ¢" (matrix) - " (polystyrene)}. For

analysis, the experimental data as functions of temperature

and frequency were fed into a series of computer programmes written
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in the APL language. These programmes , Written in this
laboratory, were used throughout this work, and may be available
on request from the Department of Chemistry, Lakehead University,

Thunder Bay, Ontario, Canada, P7B 5El.

For each measurement of temperature, the data of dielectric loss
factor as a function of frequency were analyzed by the computer ac-
cording to the Fuoss-Kirkwood Equation, I-15, by a procedure employed

by Davies and Swain.]]

By iteration the programme finds that value

of eumax which provides the best linear fit to the plot of cosh™!
(Eumax/e") against In(f). From the slope of this line the value of the
distribution parameter, 8, is deduced. The frequency of maximum dielectric

lToss, f...» is obtained from this slope and the intercept of the line

ma
on the cosh'] axis. Sample plots of dielectric loss, " against 1oglo(f)
for solutions of solute molecules in polystyrene are given in each

chapter,

The Fuoss-Kirkwood equation (Eqn. I-15) does not take into
account the real part of the complex permittivity,nor its limiting

values at low and high frequencies, e¢_ and ¢_, respectively. However,

0
for each dielectric absorption process, the total dispersion is

given by Egn. II-10:

_ 2e%ax 11-10
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The Cole-Cole!® Equation (I-9), 1is also frequently used
to describe the frequency dependence of dielectric permittivity in
a system involving a distribution of relaxation times. The Fuoss-
Kirkwood distribution parameter, g8, may be related to the Cole-

Cole distribution parameter, o, by an equation given by Poley:2

1-a

6 - | 11-11
¢”7'cos-{ﬂiligl}

Therefore, the Fuoss-Kirkwood analysis was supplemented by
the Cole-Cole equation, (I-10), to obtain ¢_. Several estimates
of e¢_ were obtained by using Eqns. I-10 and I1I-11 in conjunction
with experimental values of ¢' at different frequencies by a
computer program. The average of these estimates were calculated
along with a value for ' at the frequency of maximum dielectric loss,

“max"

The calculation of the effective dipole moments involved in the
dielectric relaxation process was made by using the Debye18 equation

II1-12 and the Onsager‘]9 Equation II-13:

2 _ 27000 KT (e, - e,)

. II-12
4ﬂNC(e'+2)2
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9000 kT (2, + e_)(e, - €_)

W2 = 0 » 11-13

4alc eo(em+2)
where (so - €)= 2e" /B (Fuoss-Kirkwood Eqn. II-10),
1 - t = ]—_.

€ value of ¢' at ®rax T s

€ = static dielectric constant derived from the estimated
average of ¢_ and Eqn. II-10,

N = Avagadro's number (6.022 x ]023 molecules mo]']),

¢ = Solute concentration in moles per litre,

k = Boltzman constant (1.38 x 10716 erg K-]),

T = Temperature in K.

These equations yield p in units of e.s.u. -cm, but commonly

this parameter is expressed in Debye units, where 1 D = 1x10']8 e.s.,u, ~-cm,

The Fuoss-Kirkwood analysis and the calculations of ¢
and u were made at each measured temperature. The values of e¢_ and
1 were not calculated from Q-meter data, since €' from Q-meter
measurements was unreliable. The results of these analyses from

several temperatures were used for further processing.

Thus, the values of the observed dipole moment at different

temperatures were fed in a separate computer program to estimate
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the extrapolated values of the dipole moment at temperatures above
those of measurement. This technique is similar to that employed

n and was based on the assumption that the

by Davies and Swain
dipole moment is a linear function of temperature. It seemed from
their work that this method yielded reasongble results, aTthough
there is little theoretical basis for such a procedure. However,
in many cases, it is well established that the variation of €0

and € with temperature may be described by an equation of the

form log(e) = aT + b.20

The extrapolated € and ¢ values, obtained
in this manner have been used in conjunction with Eqn. II-12, to
calculate dipole moments at warmer temperatures, as well as the

Davies and Swain technique.

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 Eqn. II-14, a procedure

commonly used in dielectrics work:ll’Z]

~AG
_ 1 _h E
© = e~ gy o ()]
11-14
AH -AS
T =T eXp (—R-%) exp (—R—E)

=

which can be rearranged to the linear form as:
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AH AS
E - E - (M 11-15

In(Tt) = —R—f - 5

The plots of log(Tt) against T'] yielded good straight
lines, and from the slope and intercept of this line, the values of
the enthalpy of activation, AHE, and the entropy of activation,ASE,

respectively, were evaluated with the help of a computer program.

The program also calculates the relaxation times '«'
and the free energies of activation 'AGE' (= AHE -T ASE) at different
temperatures.

Finally, the plots of In(e" T) against T'], according

max
to the following equation II-16,as employed by Meakins,22 were used
to obtain the energy difference, V, between the two sides of the

activation energy barrier:

" =.£

€ max kT

exp (- V/RT) I1-16
where 'B' is a simple proportionality constant. It is to be noted
that in most cases the computer analyses of the present data have
yielded energy difference values (V) less than the mean thermal
energy and therefore, according to Meakins, could not be considered

reliably to be different from zero. The results of the analyses of
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)s

max”

e"ax® and B, the relaxation times, t, the limifing high frequency

dielectric constants, e_, and the effective dipole moments, u, are col-

dielectric data to obtain Fuoss-Kirkwood parameters Tlogq,(f

lected in the tables in each chapter. The results of Eyring analyses
of these data are also presented in each of the following

chapters.

Standard statistical techm’ques23 provide a means of
estimating errors in fitting a straight line to a set of graph points.
A computer program FUOSSK calculated intervals of 90%, 95%, 98%, and
99% confidence for both the Fuoss-Kirkwood distribution parameter,

B, and 1og]O(f . The 95% confidence interval was chosen as a

max)

good representation of experimental error, typical values for ]Oglo(fmax)

being +0.05 to +0.10.

)

were then compared to the differences between observed and calculated

The 95% confidence intervals calculated for 10910(fmax
values of log(Tt) from the computer program for the Eyring rate
equation analysis. Any experimental point which deviated from the
calculated line by more than its allowed confidence interval was

deleted from a repeat run of the Eyring rate equation analysis.

The same technique was adopted to calculate the 95%

confidence intervals for both AHE and ASE. A smaller error is to be
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expected from the use of a larger number of points on the Eyring
plot. In the present work, the maximum error in AHE is hardly
greater than £10%. It is of similar order of magnitude to that

reported by Davies and Swain,]]

while that of ASE may be as high as
+50% in cases where fewer than six temperatures were employed for

the acquisition of dielectric data. The values of activation enthalpies
and entropies have been quoted in this work to round figures for

comparative purposes only.

The structural diagrams of some typical molecules investigated

are given in Appendix 1.
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CHAPTER III

WHOLE MOLECULE RELAXATION OF SOME RIGID MOLECULES



36

INTRODUCTION

A number of attempts has been made to investigate
the parameters, which depend on dielectric relaxation times and
the enthalpy of activation of rigid dipolar molecules. Amongst
the effects investigated are the entropy of activation (ASE),
size and shape of the polar molecules, volume swept out by the molecules
in their reorientation process, moments of inertia, viscosity of

the medium, and the direction of the dipole within the molecules.

1 showed almost a

In an earlier investigation, Higasi
linear dependence of entropy of activation (ASE) upon the corresponding
enthalpy of activation (AHE) for a variety of organic molecules. He
tentatively postulated from this linear dependence that, "the entropy
change is zero or has a small negative value, if AHp is below 13.4

kd mol~ 1",

Further, Kalman and Smyth2 examined 2,2-dichloropropane,
2,2-dinitropropane, camphor, a-chloronaphthalene, isoquinoline,
4-bromobiphenyl, and acridine in nujol solution at 293, 313, and 333K.
They obtained values of AHg and ASp for these molecules as 6.7
and -0.6, 8.3 and -0.7, 10.1 and -1.2, 15.2 and 0.5, 18.9 and 4.0,
37.6 and 11.5, 45.9 and 19.8 kJ, respectively. The increase
in the activation energies and entropies from the spherica]]y shaped

molecules toward the more elongated ones is in line with the investi-
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gation of Higasi.1 Pavies and Edwards3 have also indicated a
similar relationship between Eyring enthalpy and entropy.of acti-
vation for polar molecules of various sizes and shapes of the types,
viz., camphor, anthrone, cholest-4-ene-3-one, tetracychne,and

g-naphthol. By the plotting of Eyring parameters ASp against AHg of Edward's3

4 data, an appreciable linear relation

data, together with Levi's
exists between these two parameters. The confirmity is understood
qualitatively if the activation energy is largely needed to displace
adjacent solvent molecules: the larger the energy required for

AHE, the larger the local reorganization ASE.

The dependence of dielectric relaxation time and enthalpy
of activation upon molecular rotational volume, viscosity of the
medium, position of the dipole moment within the solute molecule,
and the molecular inertia has been explored little by 1ittie by

many investigators.

Crossley and Walker5 studied three non-spherical
rigid molecules, quinoline, isoquinoline, and phthalazine in cyclo-
hexane solution at 323K. In these solute molecules of almost identical
size and shape, the direction of the dipole moment is varied. It

appeared in these molecules that no significant variation of relaxation
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time was detectablewithinthe 1imits of the accuracy of measurement.

Dicario and Smyth6 measured 4-iodobiphenyl and
2-iodobiphenyl in the viscous nujol at 293K and obtained values
of enthalpy of activation as 31.8 and 25.9 kJ mo1'l respectively.
The 4-iodobiphenyl mo]ecule, having its dipole moment along the long
axis, had a six times longer molecular relaxation time than that of
2-iodobiphenyl. This was attributed to a greater volume being
swept out by the former molecule in orienting about its two
short axes in comparison with 2-jodobiphenyl, where the principal
component of the dipole lies along a short axis of the molecule,
and relaxation occurs predominantly by rotation around the long
axis. The larger value of enthalpy of activation (AHE = 31.8 kJ mol'])
for 4-iodobiphenyl than that of 2-iodobiphenyl (aHp = 25.5 kJ m01'1)7
is qualitatively consistent with the longer relaxation time of the
former molecule from its rotation about the short molecular axes.
However, it is notable that in the same medium the value cf AHE =
31.8 kd mo]'] for 4-ijodobiphenyl is smaller than the measured value of

AHg = 37.6 kd mol'] for 4-bromob1pheny1.2

Pitt and Smyth7 in a study of three rigid ketone molecules
of fairly similar size and shape of the type, viz., anthrone,
fluorenone, and phenanthrenequinone in benzene solution at 293K, 313K,

and 333K, obtained values of enthalpy of activation as 8.8, 8.4, and 10.9
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kJ-mo]'} respective]j. These workers have shown that the larger

value of AHE = 10.9 kJ mo]'] and longer relaxation time of phenan-
threnequinone can be attributed to a greater volume being swept

out by this molecule in rotation about the long axis. They also
demonstrated from calculated values of moment of inertia of these
solute molecules that phenanthrenequinone had a considerably larger
moment of inertia about its long axis than the other two molecules.
Also, a mean moment of inertia about axes a and ¢ was in the order

of proagression of the observed relaxation time. which supports the

investigation of the effect of molecular moment of inertia on relaxation

time.

Pitt and Smyth8

have also shown in a study of two large
oblate ellipsoidal molecules of the types, metal-free heptaphenylchloro-
phenylporphyrazine and of ferric octaphenylporphyrazine chloride

in benzene solution that the relaxation time of the latter was about
5/2 times that of the former. A surprising result was that both the
compounds have about the same values of enthalpy of activation, (~10.9
kdJ mol']). However, the difference in relaxation time was attributed
to the dipole moment of the metal free complex lying in the plane of

the molecule while that of the ferric complex is perpendicular to the

molecular plane.

Some aromatic halides have been measured by HasseH9 in
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p-xylene at 288K. He reported the values of enthalpy of activation
for fluoro-, chloro-, bromo-, and iodobenzenes as 5.9, 6.7, 8.4,

and 9.2 kJ moljﬂ respectively. This indicates a slight increase in
AHp with increase in size of the molecule. However,a reasonable
correlation was found between molecular relaxation time and the volume
of the molecule forlsubstituted mono-halobenzenes, o-dibenzenes,

10 demonstrated

m-dibenzenes, and naphthalenes. In addition, Cooke
for dilute solutions of substituted mono-halobenzenes, ortho and

metadihalobenzenes in p-xylene, that there is within the limits of
measurement, a linear relationship between the volume swept out and

the activation energy.

In view of the existence of preceding correlations, it
was thus thought that a closer examination on the dielectric
behaviour of a series of rigid dipolar molecules belonging to the
same family (the dipole moment lying along the longest axis) should
be made. Thus, the present investigation was undertaken to study a fairly wide
range of rigid molecules of progressively increasing molecular size
in a considerably higher viscous medium, with a view to estimate
any correlation between the -enthalpy and entropy of .activation, the enthalpy
of activation and volume needed for reorientation of the solute
molecules, and the dependence of molecular relaxation time on moment

of inertia.
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The rigid molecules chosen were of the type halo
substituted benzenes and toluenes as well as some large molecules
of the type halo substituted biphenyls. In order to increase the
viscosity of the medium, this study was made by trapping solute
molecules in a poly§tyrene matrix. One of the aims of this investi-
gation was also to gain knowledge on the relaxation of a series
of rigid polar molecules in such a matrix, since little data
are available, and such data are necessary in the studies made
in molecules which exhibit both molecular and intramolecular

relaxation processes.
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EXPERIMENTAL RESULTS

The dielectric measurements of halobenzenes, p-halo-
toluenes, and p-halobiphenyls molecularly dispersed in a polystyrene

5

matrix were made in the frequency range of-'lo2 - 107 Hz, and in one

case (fluorobenzene) also in the range of 2.2 X 104 -~ 2.2 x 107 Hz.

The apparatus and procedures employed in the dielectric
measurements, and the preparation of a polymer matrix have been

described in a previous chapter (ChapterIl).

The methods employed for the evaluation of relaxation
and activation parameters have also been described previously

(Chapter II).

A11 compounds used were purchased either from Aldrich
Chemical Company or K & K Laboratory and were dried prior to use,

s €

3 1]
Experimental values of =, ]Oglofmax’ Bs €"ax
and u at various temperatures obtained for a series of rigid dipolar

compounds are Tisted in Table III-1.

Table III-2 collects the values of’AHE, ASE, along with
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AGg and t values at 150K, 200K, and 300K for every system.

The plot of loss factor {e" = " (obs) - " (polystyrene)}
against logarithm (frequency) for p-fluorobiphenyl is being given
as a sample plot in Figure III-1. Figure JII-2 shows a plot of

logTt vs T'] for p-fluorobiphenyl.
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DISCUSSION

From good straight line plots of logTr as a
function of reciprocal temperature, T'1 (e.qg., Figure I1I1I-2 for
p-fluorobiphenyl), the corresponding enthalpies and entropies of
activation for fifteen rigid polar molecules of type halobenzenes,
p-halotoluenes, p-bromoethylbenzene, p-halobiphenyls, p-nitrobiphenyl,

and p-fluoronitrobenzene were obtained as listed in Table III-2.

The Tow values (range 0.13 - 0,26) of the distribution
parameter 'B' (which imply a wide range of relaxation times) for
all the rigid dipole molecular motion in a polystyrene matrix, agree
well with the observations by Davies and Edwards,3 and Davies and
Swain]] for a series of rigid molecules. The only exception being the
fluorobenzene where 'g' ranges from 0.29 - 0.35. The higher values
of 'g' for this molecule would not seem unreasonable, since the
shape of fluorobenzene is almost spherical, and the dielectric

absorption of this molecule would tend to show a Debye behaviour.

Table III-1 indicates that for each system studied, the temperature
dependent 'g' values seem not to vary significantly over the

temperature range in which full absorption curves have been observed.

Previous studies of halobenzenes in p-xylene solution

at 288K by Hassell9 have yielded the values of relaxation time,
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activation enthalpy, entropy, and free energy as given in Table III-3.

TABLE ITI-3

AHE AGE ASE T X 1012
Molecule (kJ mo]']) (kd mol"]) (e.u) (s)
Fluorobenzene 5.8 9.2 -2.4 6.8
Chlorobenzene 6.7 9.9 -2.5 10.2
Bromobenzene 8.3 10.6 -2.0 14.0
Iodobenzene 9.2 11.2 -1.6 18.0

The present study of fluoro-, chloro-, bromo-, and iodo-
benzenes dispersed in a polystyrene matrix yielded the enthalpy of
activation as 9, 9, 13, and 16 kJ mo]‘} respectively. The results
of halobenzenes in a polystyrene matrig differ from p-xylene solution
studies mainly owing to an increase in viscosity of the medium, as
the viscosity of polystyrene is considerably larger than that of
p-xylene. This leads to larger values of enthalpy of
activation in polystyrene matrix. The enthalpy of activation of

-1 and 16 kJ mol‘] for bromo- and jodobenzenes, respectively,

‘ -1 11
is to be compared with the values of 16.4 kJ mol ], and

13 kJ mol
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17.1 kI mo1™ !, 11

respectively, obtained for molecular relaxation
in fairly similar sized cyclohexylchloride and cyclohexylbromide
molecules in a polystyrene matrix. It is also to be noted that
the temperature and frequency ranges for molecular relaxation

in halobenzenes are very close to the corresponding values in the
two haloqyclohexane§.

It is notable (Table I1I-2) that for halobenzenes, p-fluoro-
toluene, and p-chlorotoluene, negative ASE values are associated with
small AHE values. This is understandable in molecular terms as, if
the rotation can occur for small excess energies, 'AHE‘, then it is

likely to involve the minimum of molecular reorganization 'AS.'

in the medium. This finding is also supported by Higasi's'

earlier investigation, in which he examined 120 substances for

which AHc and ASp are available for molecular relaxation processes,
and tentativelypostulated that: "the entropy change ASE is zero

or has a small negative value, if AHE is below 13.4 kJ mo]']". In
addition, negative entropies of activation for a molecular relaxation
process are also found in the literature. For example, Tay and

1

w'aﬂker']2 reported for 1-bromonaphthalene (-3.8J.K™ mol']); for 2-

fluoronaphthalene (-8.4.IK'1 mo]']); and for 2-chloronaphthalene (-10.5

3,1

JK'] mo]']) in a polystyrene matrix. Moreover, Davies et al, have

reported that the ASE values for molecular relaxation of cyclohexyl-
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chloride, cyclohexylbromide, anthrone, and camphor in a polystyrene

matrix are -12,6, -20.0, -33.5, and -31.4 J K™ mo1™1, respectively.

It can be sgen (Table III-2) that in the temperature range of
maximum absorption, the enthalpy of activation (AHE)
increases on passing from p-fluorotoluene to p-iodotoluene. The
increasing sequence of AHE values of 13, 26, 33, and 41 kJ mo]']
for p-fluoro-, p-chloro-, p-bromo-, and p-iodotoluenes, respectively, can be
interpreted in terms of the increasing size of the molecule with increas-
ing dimensions of the halogen atom. In addition, it should be noted
(Table I11-2) that the increase in ASp values in halotoluenes is

consistent with increasing size of the halo substituent.

Comparison of activation enthalpies for p-chloro- and
p-bromotoluenes (Table III-2) in polystyrene with that of solution

data 10

shows that the increase in AHE by changing the medium (i.e.,
from p-xylene to polystyrene matrix) is appreciably larger,

since the activation enthalpies for these two rigid molecules in
p-xylene are 7.5 kd mol~! and 10.5 kJ mo]'L respectively. Thus

the change in AHE for these molecules from p-xylene to polystyrene

is ~19 kJ mol”! and ~23 kJ mo1't respectively, whereas for chloro-



48

benzene and bromobenzene it is ~2 kJ mol'] and 4 kJ m01;1

respectively. Moreover, the values of AHp and ASE for p-

1 1

chlorotoluene (26 kJ mol” '3 -9J K™ mo]']), and p-bromotoluene

! mo]']) agree well with the corresponding values

1

(33 kd mol1™'; 16 TK™

for m—dim’t\r‘obenzene]3 (25 kd mo1™ ' 263K mo]']), and p-nitro-

]; 15.6 J.’K'] mo]']) in polystyrene matrices,

toluene®> (35.1 kJ mol”
respectively, where the solute rigid molecules are of similar

size.

It can be seen (Table III-2) that p-halosubstituted biphenyls
have considerably larger values of temperature range, enthalpy of activation,
and entropy of activation than those for halobenzenes and p-halotoluenes.

This may be explained, as the dipole moment js directed along their long

axis, and these molecules 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 Tead to its experiencing a greater viscous drag from
the polystyrene matrix,and hence reflects the larger AHE and ASE

values for these molecules.

In general, one may note from the results of Table I11-2 for
halo substituted benzenes, toluenes, and biphenyls in the polystyrene matrices

that the relaxation time and enthalpy of activation for the molecular
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process is very much dependent on the molecular size. For

example, the relaxation time for p-fluoro-, p-chloro-, p-bromo-,

and p-iodobiphenyls at 300K, each differed by a factor of ~10,

This could be explained by an increase in size of halo atom

encountering a greater resistance with the molecular environment,

provided by polystyrene, as a result increase in relaxation time

and enthalpy with increasing molecular size. Such an effect was also noted
by Tay and IrJa]ker]2 for halonaphthalenes. It is also apparent

from the values of the relaxation time (tr at 200K) and enthalpies of

activation(AHé)for bromobenzene (6.5 x 10'8 s, 13 kJ mol']),

5 s, 33 kJ mo]']), p-bromoethylbenzene

s, 38 kd mol']), and p-bromobiphenyl (2.3 x 104 S,

p-bromotoluene (1.7 x 10~
(6.9 x 1074
90 kJ mo]']), respectively, that these two parameters are very

sensitive to the length of the molecule on the long principal axis.

The increase in length of the molecules on the long axis would

lead to a greater swept volume around short axes, so that Tong

molecules as p-bromobiphenyl shows a longer relaxation time and

a larger enthalpy of activation than those of small bromobenzene molecule.
However, the relaxation time, t(200K), and the enthalpy of activation,
AHE, from the smallest molecule (fluorobenzene) to the largest

molecule (p-iodobiphenyl) ranges from 1072 to 10% s and from 9 to 102

kdJ mo1’1 respectively.

Smyth EE.Ql-Z reported the enthalpy of activation and relaxation
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time for p-bromobiphenyl in nujol solution as 37.8 kJ mol']

and 2580 x 10'12 s> respectively. A slight increase in the
viscosity of the medium (polystyrene matrix) for p-bromobiphenyl
yields appreciably large values of enthalpy (AHE = 90 kJ mol'l)

4

and relaxation time (r293K =5.9x 10" s), On the other hand, in

one of the less viscous mediums (p-xylene at 288K), the small
-])9

chlorobenzene molecule has an enthalpy (AHE = 6.7 kd mol and a

relaxation time (t = 10.2 x 10712 s).9

In the polystyrene matrix

it has (AHE = 9 kd mol']) and (1288K = 9.0 x 10-9 s), respectively.

Thus, the comparison of these results for the small chlorobenzene molecule
reveals that the increase in enthalpy and relaxation time from a p-xylene

to a polystyrene medium is not very large. In view of the above

comparison with solution data, it appears that the increase in a

viscous molecular environment, provided by polystyrene matrix, would

enhance the enthalpy and relaxation time by a larger factor for

elongated molecules than those of small molecules. The reason is that the dipole
direction in long molecules would involve extensive displacement of

neighboring molecules with consequently greater dependence on the viscosity

of the medium than that of small molecules.

It is to be noted that the p-halobiphenyls have much longer
relaxation times at a given temperature than the corresponding
relaxation times for o-ha]obiphenyls.24 For example, the relaxation

times of p-chloro-, p-bromo-, and p-iodobiphenyls at 300K in a
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-5 -
polystyrene matrix are 3.6 x 10 s, 2.4 x 10'4 s, and 1.1 x 10'5 S
respectively. At the same temperature and medium, o-chloro-, o-bromo-, and

o-iodobiphenyls have relaxation times of 1.4 x 1077 s, 6.3 x 1077 s,

and 1.1 x 107°

s, respectively. It is evident from these results

that o-halobiphenyls have shorter relaxation times than those of the
corresponding values for p-halobiphenyls. This observation could

be explained by the fact that the dipoles in p-halobiphenyls are
directed along their Tong axis. Thus relaxation of these molecules will
likely occur by rotation about the short axes of the molecule,

involving extensive displacement of surrounding polystyrene segments, and

as a result this would give rise to longer relaxation times. In contrast
to p-halobiphenyls, the principal component of the dipole in o-halobiphenyls
lies along the short axis of the molecule. The relaxation of these

molecules can occur also about the long axis, which would involve

less rotational volume thus in turn lead to short relaxation times in

o-halobiphenyls.

Figure III-3 shows the plot of entropy change of the
activation process,ASE, upon the corresponding enthalpy of activation,
AHE,for a series of rigid molecules, where the dipole moment lies
along the principal axis. It would appear 1ikely from Figure III-3,
that within the accuracy of AHg and,ASE values, a remarkably good

Tinear correlation exists between enthalpy and entropy of activation
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for a given type of rigid molecules examined in a polystyrene

matrix. The increase in ASE values with the AHc values, from
halobenzenes to p-halobiphenyls, may be attributed as the rotation

of larger molecules need Tlarger volumes to sweep out, as a

result; the larger the energy required for AHE, the greater would be the
local reorganization in the medium, ASE. However, with the help of
slope and intercept of a 1linear relation (Figure III-3), which

the present molecular dipole relaxations provide, an equation

has been derived which corresponds to:

a5 @K mo1 ) = 72 + 2.2 M (kd mol~1).

12 found a linear relationship between the

Tay and Walker
enthalpy of activation for the reorientation process and the volume
swept out by the molecule for some halonaphthalenes dispersed ina

polystyrene matrix.

In view of this correlation, it seemed worthwhile to test
the relationship for a wide range of rigid molecules such as halobenzenes,
p-halotoluenes, and p-halobiphenyls dispersed in a polystyrene matrix,

where the dipole moment 1ies along the longest axis.

The molecular axes are represented as x, y, and z, which

have lengths in the order of x >y > z. Figure III-4 illustrates the
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!

molecular axes, the position of the molecular dipole in the molecules,

and the possible rotational axes.

Y
P

Fio M— 4

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 displacement of surrounding molecules,
corresponding to out-of-plane rotation, the other, a planar rotation
involves less displacement of adjacent molecules. The axes about
which dipole reorientation is possib1e presumably pass through the
centre of mass. The centre of mass, effective radius and the length
of the rotating species were determined either from molecular models
or scale drawings, constructed from known bond lengths and bond
angles.]4 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, for 180° have been
evaluated. Since the point about which the molecular rotation
occurs is not known, the volumes swept out for rotation about

the centre of volume were also calculated.

For rotation, either about the centye 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 Tength of themolecule in the direction parallel to the axis

of rotation, Figure III-5.

A
B |
D

Fig -5 Voumz  SwsPT ouT By A ROmTING Molscuis.
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The volumes (Vy and VZ) swept out in molecular reorientation

around the molecular axes y & z,respectively,are given in Table III-4.

When the enthalpy of activation and swept volumes for given
typesof molecules as halobenzenes, p-halotoluenes, and p-halobiphenyls
are compared, it may be noted that these two parameters increase
as the molecular size increases, This could be explained, for
example, .in p-halotoluenes, different halogen substitution would
shift the centre of mass along the principal axis, thus leadsto a

there is

larger effective radius. As a result/an increase in rotational volume

and a resultant increase in enthalpy of activation.

It should also be noted that small halobenzene molecules, such
as fluorobenzene, with a contribution to its relaxation either from
in-plane or out-of-plane rotation, would sweep out the smallest
volume and presumably the least energy barrier. On the other hand,
larger AHE values for p-halobipheny]l molecules indicate that
the relaxation of these molecules involvesan appreciable contribu-
tion from an end-to-end tumbling motion, This would lead a larger
swept volume, and in turn lead to its experiencing a greater viscous
drag from the polystyrene matrix, as a result larger AHE values for
p-halobiphenyls. In addition, it is notable that at a given tempera-
ture, p-halobiphenyls have a relatively longer relaxation time, and also

they have a larger variation in this parameter by varying the size of the
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molecule in comparison with those for halobenzenes and p-halotoluenes.
This could be linked up, as in the former case the molecule with a
larger halo atom leading to a larger swept volume for in-plane rota-
tion and end-to-end out-of-plane rotation) thus resulting in a
Tonger relaxation time and a larger enthalpy of activation. Such
contribution seems to be comparatively much smaller in small halo-

benzene and p-halotgluene molecules.

The volumes are considered to be more accurate than +10%.
The enthalpies of activation were plotted against rotational volume about the
. ) . . vV, +V
z axis, V,; the y-axis, Vy,and the mean volume, V ... . 2 >
for rotation about the centre of volume . Figures III-6
and III-7 show the plots of AHg (kJ mo]']) and logarithm of relaxation

time (TZOOK) against the mean rotational volume 'V’ for rotation

mean
about the centre of volume, respectively.

A reasonable linear relationship between relaxation time and
mean rotational volume is seen for all the molecules (Figure I1I-7).
It can also be seen from Figure 1I1I-6 that there is almost a linear
relationship between the volume swept out and the enthalpy of
activation, However,it was found that some molecules.deviate from
this linear relation which 1is prone to be a larger error,

either of two parameters or to their non similarity in shape.
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Nevertheless, when graphs of enthalpy of activation, AHE,
were plotted against' rotational volume about the z-axis, V,, the
largest rotational volume i.e., about y-axis, Vy, and the mean volume,
Vmean = Vy + Vz /2, for rotation about the centre of mass. It would
seem more likely that a linear correlation exists between AHE and the

Tocal volume needed for reorientation of a given series of molecules

having a similar shape factor.

In general it was found that plots for rotation about the
z-axis were not as satisfactory as those observed for the y-axis volume,

] ] i ]
Vy ,» and the mean volume, 'V mean®

plots of AHE against Vmean’ and of AHE against Vy for halobenzenes,

Figures III-8 and III-9 show the

p-halotoluenes, p-halobiphenyls, benzaldehyde, a,a,a-trichliorotoluene, p-
fluoronitrobenzene, p-bromoethylbenzene, and p-nitrobiphenyl, for rotation

about the centre of mass.

It can be seen from the plots (Figures III-8 and II1-9) that,
within the limits of experimental error, an appreciable linear correla-
tion exists between the enthalpy of activation (AHE) and the rotational
volume. An emphasis is placed on a series of molecules having similar
shape. This linear dependence of two parameters for molecules of
similar shape is in good agreement with the observation by Davies et al.,
where cholest-4-ene-3-one departs from linear relation owing to its

unusual shape compared with those of the other four molecules.
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However, it can be seen from the Figures I11-8 and III-9

that, for a given series of molecules, as the size of the molecule.
increases by different halogen substitution, there is an increase in
the rotational volume, and hence an increase in the enthalpy of
activation. The significant increase in the values of enthalpy of

activation and rotational volume, on passipg from fluoro- to jodobenzene,

from p-fluoro- to p-iodotoluene, and from p-fluoro- to p-iodobiphenyl

are in the correct sequence.

Figures III-10, III-11, and III-12 show the plots of the free
energy of activation, AGr (200K), versus the mean volume, Vpean, and

the largest possible rotational volume, V A reasonable Tinear

y‘
relationship is again seen for halobenzenes, p-halotoluenes, and p-

halobiphenyls.
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DEPENDENCE OF RELAXATION TIME ON THE MOLECULAR MOMENT OF INERTIA

Many theoretical attempts have been made to prove that the

dielectric behaviour of molecules may depend upon their moment of inertia.

Firstly, in Debye's theoretical model, the mean orientation
moment of molecules in time-dependent fields has been evaluated in
terms of orientational diffusion, expressed by a probability function
'f'. The dissipative character of the problem is introduced by a
molecular resistive constant 't', which relates torque 'L' of the molecular

field to the angular velocity &6/8t by¢

L=z (&% I111-1

With a sinusoidal field F = Foei“t, the torque on a molecule of

dipole moment u at 6 to this field is:

L = -uFsine I11-2

Consideration of the equation of continuity in configuration space

and the assumption that 'f' reduced to a linearized equilibrium Eoltzmann

function led Debye to the solution:
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1+ uFO Ccos 6

bf = T TeD) 111-3

the molecular relaxation time being defined by:

TE — 111-4

1 16

It was first noted by Rocard, 5 referred to by Whiffen,

that Debye's equation does not take into account inertia effect in

Eqn. III-1, and a modified form was later suggested by Powles]7 as:

2
(48, de oy I11-5

dt? dt
where 'I' is the “"effective molecular moment of inertia". Powles
considered this effect of molecular inertia in dilute solutions of

a polar solute in a non polar solvent, and obtained a relationship:

tans  _ {1+ (1 - a)xH1 + (e1)?)
tans; g {1 - x(wr)2}2+(wr)2'{1 + (1 -a)x }

2 I11-6

where tans = loss tangent = ET-, @, w, and T having normal dielectric

meaning,
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and, X = -——L—z"—
2kTt
or, I o 2kTr2 I11-7

Grosslg and Sack]8 found that the corrections required by

the Debye relaxation formulae were relatively small, being largest
for frequencies near the absorption maximum (wt = 1). However, the
modified Debye equation that these authors obtained is in

7 (Egn. 111-7).

agreement with that of Powles
Bauer20 presented a theory of dielectric relaxation, closely
analogous to Eyring's rate theory of dielectric relaxation, and

expressed the relaxation time as

on] 2,010
Lo (2l 192 ) 1

Em
T - T ©exp (ETJ I11-8

where c]_and o, are configuration partition functions corresponding
to two equilibrium positions. L = effective length of the potential

barrier. E_ = Energy barrier separating the initial and final

orientations of the dipole.

Later, Hill et al.,2!

by considering that there is little
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prospect of achieving specific values for'o], gy and 'LY in a liquid or
a2 solution state, and might be Oq =05, modified Bauer's rate

expression Eqn. II1I-8 to the form:

20l o -AS*g Ak
= (~—)% exp ( ) (w7 111-9
KT R

However, in this expression Eqn. III-9, the change in the moment

of inertia accounts for the difference in t. In view of this

expression (Eqn. III-9), together with the preceding discussion

of the theoretical models, and with the increased dielectric data

now available, It seemed worthwhile to examine these theoretical
correlations paractically to determine whether experimentally observed 'z’
is dependent on the moment of inertia 'I' for a series of rigid

molecules dispersed in a polystyrene matrix.

The molecules examined here are halobenzenes, and p-halo-
toluenes. Thecentreof mass co-ordinates for all the molecules were

calculated by the usual manner.

Xy = E {—T 111-10
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i=1 M1Y1
Y = ¥ {— ITI-N
cm C M

i=i

where X and Y are the co-ordinates of the jndividual atoms, and

‘M' their atomic wejghts.

The principal moments of inertia (Ia, Ib’ and Ic) of the
molecules by the use of atomic spacings as derived from i.r. and diffraction

measurements]4,were estimated from the equation:

_ | 10
Ia = { 5_ Miri } X — g. cmv I11-12

where 'M' has  the same meanings as before,
'r;' = the distance in Bngstrom units from the 'a' axis to
the centre of mass of the ith atom,

'N' = Avagadro number.

The axes a, b, and c all meet at the centre of mass. Since the
molecules have been assumed to be planar, then the moment of inertia about
the axis perpendicular to the plane of the ring (Ic) is equal to the
sum of the other two in the plane of the ring, i.e., IC = Ia + Ib.

As the resultant dipole moment in these molecules liesalong the a -

axis,; and as there is no orienting torque about this axis, only the
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remaining two moments of inertia,lb and Icﬂwere used in averaging

for "I".

Figure III-13 shows a sample calculation of the moment of

inertia for fluorobenzene.

FIGURE III-13 Moment of inertia calculation for Fluorobenzene
¥
a ¢  The atoms are numbered as shown in the figure.
H Thus, co-ordinates of C1 and C2 are Xy ¥, and
xzyz respectively.
i\ 9
H
10
H

Centre of mass co-ordinates Xcm =0

gy o DM(YyR2pe2v) v My(2Yg + 2Yg - Vyg) + MeYy)

cm ;
6M, + SM, + M.

Moments of inertia = 1 & = 10~ cm

]0"]6

N

2

2
2 + 4 MH X8 } x

—
]

{4 M, X

144.5 x 10740 gm e’

—
It
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) 2 2 2 2
Iy = Mg © (Vgpm¥q)™ 42 (Ye¥p)™ #2 (Yop-¥a)™ + (Yg)™ )

2 2

]0-16

2
Y, -ch) } X N

+ (Y3002 1 e (

I, = 332.6 x 10740 gm e

As the molecule is considered to be planar;

I, = 477.1 x 10740 gm cm?

and the mean moment of inertia is:

+1
1=-b ¢ - 404.85 x 10°%0 gn cm?.

Table 11I-5 Tists the values of principal moments of inertia
and molecular relaxation times for monochalobenzenes and p-halotoluenes

in a polystyrene matrix.

A good agreement of the ones calculated by these procedures
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with those determined by other workers, wheré data are available,

can be seen in Table III-6.

TABLE I11-6: Comparison of calculated "I" values (x 1040)'with those

of other workers.

m, cm®

Compound This Study ’ ' References

(9) (22) (17)
Fluorobenzene 404.8 403.8" 402 --
Chlorobenzene 607.5 616 25 615 --
Bromobenzene 934.1 930.5 940 912
Iodobenzene 1214.5 1154.5 1210 -
p~-Chlorotoluene 944 .2 911.5" -- --
p-Bromotoluene 1391.5 1346.6 - --

It should be noted that all the molecules have considerably
larger momentsof inertia about their axes perpendicular to the plane
-of the ring, i.e., "I." than the other two axes (I and Ib) in the plane
of the ring and have much smaller values for the moment of inertia about
the axis "a",1i.e., Ia'

I +1
The square root of the arithmetical mean (I =-2§———£9 and the

geometric mean v IbIC are almost similar within the limits of error, so

jn all the plots the arithmetical mean has been used. Graphs of the mean moment
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of inertia "I" and the square root of "I" against the logarithm of the

relaxation time at éOOK have been plotted for halobenzenes, and
p-halotoluenes, as shown in Figures III-14 and III-15. It also
seems that such a plot of "I" or Y 1 vs logt has an advantage on
other molecular factor, that the moment of inertia calculation

is solely based on the axes about which molecular rotation may

occur.

However, it may be noted that both the plots (Figures III-14,
and I11-15) show similar trends; molecules having halo substituents
on 1 or 4 positions of the aromatic ring give considerably constant
I/10gtyq0¢  @nd /—T710g1200K ratios. From Table III-5, it would
seem that the mean moment of inertia "I" governs the magnitude of the
relaxation time at a given temperature (t at 200K) and the enthalpy
of activation (AHE) for a given type of molecules, For example,
the p-iodotoluene molecule has a comparatively greater value of "I"

(1786.9 x 10°40 gn cm?)

, resulting in higher values of the relaxation

time and enthalpy of activation than those of other molecules. However, On
passing from fluorobenzene to p-iodotoluene, the mean moment of in-

ertia "I" (about axes b and c¢) is in the order of progression of the
observed relaxation times (TZOOK), the exceptions being p-fluoro- and
p-chlorotoluenes, as the former molecule is very similar in size to

chlorobenzene, thus having approximately closer values of ‘TéOOK

and 'I'.
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Figure III-1§ shows the plot of Tlog /1 against AHE for
halobenzenes and pihaloto1uenes. It is seen that the enthalpy of
activation is dependent upon the moment of inertia. Thus, increasing
the size of the molecule by halogen substitution leadsto an increase
in the enthalpy of activation,'AHE, which was observed in all the molecules
examined. However, it can be seen from Figure III-16 that, within
the Timits of experimental erron a Tinear correlation exists between the
enthalpy of activation (AHE) and the moment of inertia (log /T)for a

series of rigid molecules where the shape is very similar,

The plots of I and /' I against logr are seen to predict the
effect of the moment of inertia on relaxation time. However, from our
plots (Figures III-14 and III-15), it appears that, within the
accuracy of two parameters, a remarkably good correlation exists
between the moment of inertia and the relaxaton time for a given type of
molecule with its dipole moment along the principal axis. This
observation is supported well by the theoretical approaches to the

dependence of molecular inertia on relaxation time.

In conclusion, it would seem 1likely that there is within the
1imits of measurement, a linear relationship between AHE and ASE,
Mg and rotational volume, and aH; and log Y 1 in a wide range of

rigid molecules dispersed in polystyrene matrices. In addition,
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dependence of relaxation time on the molecular moment of inertia
was also found for the molecules examined. In view of these findings,
it would seem worthwhile to carry out further investigations by
changing the inclination of the dipole to the axis of rotation on the

relaxation parameters.
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TABLE III-1 TABULATED SUMMARY OF FUOSS-KIRKWOOD ANALYSIS PARAMETERS
AND EFFECTIVE DIPOLE MOMENTS FOR SOME RIGID DIPOLAR
COMPOUNDS IN POLYSTYRENE MATRICES AT A VARIETY OF TEMPERATURES

6 . 3.,
T(K) 107 <(s) loglgf < E' 10 " ax fw u(D)
0.95M Fluorobenzene
94.0 1.15 5.14 0.36 26.8 -- --
97.0 0.582 5.44 0.32 27.9 - --
101.5 0.391 5.61 0.31 29.4 - --
104.3 0.231 5.84 0.29 30.9 - -
118.4 0.083 6.28 0.36 32.2 - --
0.62M Chlorobenzene
89.1 119.4 3.12 0.14 6.2 2.52 0.546
94.3 42.8 3.57 0.13 6.5 2.51 0.597
97.0 21.5 3.87 0.15 6.8 2.51 0.576
102.0 13.1 4.09 0.18 7.1 2.52 0.551
108.0 7.4 4.33 0.20 7.5 2.53 0.549
114.8 4.71 4,53 0.23 7.8 2.53 0.543
118.9 3.57 4,65 0.24 8.0 2.54 0.541
124.5 2.69 4.77 0.26 8.0 2.54 0.537
0.53M Bromobenzene
101.2 221.0 2.86 0.19 5.5 2.62 0.500
104.3 137.7 3.06 0.18 5.7 2.62 0.523
108.9 64.8 3.39 0.19 6.0 2.62 0.53
112.6 42.7 3.57 0.19 6.2 2.62 0.553
119.8 14.6 4.04 0.20 6.7 2.62 0.586
126.0 8.55 4,27 0.21 6.9 2.63 0.591
129.8 7.14 4.35 0.23 7.1 2.63 0.586
0.49M Iodobenzene
128.7 177.0 2.95 0.23 4.8 2.73 0.487
137.0 64.9 3.39 0.23 5.1 2.73 0.519
142.4 41.9 3.58 0.23 5.4 2.73 0.546
147.9 23.5 3.83 0.22 5.6 2.73 0.576
152.3 15.3 4,02 0.22 5.7 2.73 0.591
157.7 8.94 4,25 0.21 6.0 2.73 0.627
163.4 6.01 4.42 0.21 6.2 2.73 0.647



TABLE III-1 continued.....

T(K)

162.
166.
176.
180.
185.
195.

176.
182.
189.
197.
203.
210.
214.

198.
205.
213.
220.
228.
235.
240.

256.
263.
268.
272.
277.
283.
287.
292.
297.

O WO ROOOOM OO PON U1 = 00 O WO

OWOoOOONOION —
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(Sa]

o
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O—00—=MNO

284,
133.

22.
10.

° .
AAOONO N W

313.
156.
77.
30.
13.

;\J-—'oomoo&o—l

O =t
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L o%ofmax E

0.64M p-Chlorotoluene

2.79
2.95
3.47
3.64
3.88
4.26

0.19
0.18
0.19
0.18
0.19
0.21

0.46M p-Bromotoluene

2.75
3.08
3.46
3.86
4.20
4.37
4.55

0.50M p-Iodotoluene

A7
17
.16
.16
A7
A7
A7

OCOOO0COOO0O

2.71
3.01
3.31
3.72
4,06
4.42
4.69

.18
.18
17
.16
.17
17
.16

OCOO0OOOOO

_—— W WO

3
10%e ma

Nroowoo

0.62M p-Fluorobiphenyl

3.00
3.23
3.45
3.64
3.88
4.11
4.29
4.48
4.62

.20
.21
.21
.20
21
21
.22
.22
.23

cooo0cO0O0O0O0O

15,
15.
15.
15.
15.
16.
16.
16.
16.

aORrW—OO0O0cTW—

€

NN NN N RPN
. . . . L2 . L] .

[ASENS ISR I SR AN S IS
» 'l L] . L] ) . . .

.57
.57
.56
.55
.55

.54

u(D)

0.908
0.957
1.00
1.02
1.04
1.05

1.16
1.20
1.24
1.30
1.32
1.35
1.37

0.988
1.03
1.10
1.15
1.18
1.22
1.26

1.14
1.17
1.19
1.22
1.22
1.23
1.24
1.24
1.22
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TABLE III-1 continued.....

6 1 3 "
0.58M p-Chlorobiphenyl
282.7 233.0 2.83 0.21 14.1
287.6 151.4 3.02 0.20 14.3
294.0 70.3 3.35 0.20 14.6
300.2 36.8 3.64 0.19 15.0
305.0 20.7 3.89 0.20 15.2
0.48M p-Bromobiphenyl
303.1 163.2 2.99 0.22 11.8.
305.9 119.0 3.13 0.21 12.0
310.2 71.9 3.35 0.21 12.3
313.3 52.4 3.48 0.21 12.4
316.1 38.1 3.62 0.21 12.6
319.9 23.2 3.84 0.21 12.9
0.39M p-Iodobiphenyl
312.6 212.5 2.87 0.21 9.7
315.3 157.0 3.01 0.23 9.%
318.0 110.4 3.16 0.23 10.
326.1 44 .6 3.55 0.21 10.6
328.5 29.0 3.74 0.19 10.9
331.1 22.8 3.84 0.21 11.3
0.53M p-Fluoronitrobenzene
152.1 313.3 2.71 0.18 17.2
156.6 201.9 2.90 0.17 18.0
164.1 97.2 3.2} 0.17 19.1
171.4 36.5 3.64 0.17 20.1
178.3 15.3 4.02 0.17 21.3
184.5 8.47 4.27 0.19 22.4
190.0 5.84 4.44 0.20 23.1
195.8 3.35 4.68 0.20 24.0

[ASEASEASNAC N
(] L] L] . .
(o))

N

PPN
(o))
w

.68

.69
.69

.70

N NN PN
. L]

RPN N
- . . . o L] .
o
o

el e wnnd Wl w—ad  w—t — o] —) md vl

—r el m—d —— w—

—— o] ] e cnard )  —) ——d
. . . . .

.21
.26
.29
.34
.36
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T(K)

N

nN
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]061’(5) -i0g10fmax B

10

3"

€

max €, u (D)

0.50 p-Bromoethylbenzene

291.1 2.74
236.4 2.83
119.8 3.12
58.4 3.44
26.6 3.78
12.9 4.09
7.43 4.33
4.25 4.57

COOO0COOO0O0O

13.
13.
14.
14.
15.
16.
16.
17.

A blank space (--) indicates that the

available.

3 2.65 1.10
8 2.66 1.12
3 2.65 1.20
9 2.65 1.26
4 2.64 1.34
0 2.64 1.38
5 2.65 1.40
0 2.65 1.42

information was not
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Fig W-2

Eyring plot of 10910 (Tt) vs %-for p-fluorobiphenyl in a polystyrene matrix.

The vertical bars represent 95% confidence intervals on log(Tt) values.



FIGURE III-3: Plot of activation enthalpy A>Imv

against activation entropy Apmmv for

Jxav.l several rigid molecules.
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P-C 5HSC 6H 4CL
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FIGURE II1I-10: Plot of free energy of activation (AGE) against mean

volume swept out (V ) about the centre of volume.

mean
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CHAPTER IV

INTRAMOLECULAR RELAXATION OF SOME DISULFIDE COMPOUNDS
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INTRODUCTION

The disulfides constitute a large class of sulfur
containing molecules, which are of substantial chemical and bijo-
chemical interest. For example, certain disulfide compounds are
used as additives tq lubricating oils,sincg their presence increases

the load bearing préperties of the oil. The disulfide Tlinkage is

also important in proteins, enzymes, antibiotics, and other bio-

molecules.

Dialkyl disulfides and diaryl disulfides are thought

to show a stereochemical preference for the skew configuration,

similar to that proposed by Penney-Sutherland model for hydrogen

1

peroxide. This is due to the lone pair repulsions which are minimal

when the planes containing the two R-S-S groupings are inclined at

an angle of ~90°, 276

Figure IV-1 represents a structure of dimethyl
disulfide., The methyl hydrogens are assumed to be staggered withv
respect to the S-S bond. The numbering of the atoms in dimethyl
disulfide is shown in Fig. IV-1, in which the S;, S,, and C5 atoms
are assumed to be in the xz plane, while the Sq, S, and C4 atoms are

in the xy plane. These two planes are separated by an angle of '¢'
(V900 in disulfides). Here it is also to be noted that dihedral

angles of 0° to 180° are equivalent to angles of 0° to -1800, on account

of the C, symmetry of the molecule. Table IV-1 collects the molecular
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geometries for some Qisulfides, where the data are available.
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TABLE IV-1 Dihedral Angles and Group Moments of Some
Disulfides (R-SS-R)

R= ) (RZSZ) u (R-S) Ref
(deg) (D)

Methy]l 83.9 --- 15

68 1.22 3
Ethyl 74 1.35 3
Iso-propy]l 74 1.40 3
n-Butyl 71 1.35 3
tert-Butyl 83 1.32 3
Phenyl 85 1.29 16
Benzyl 60 1.13 3

—
(o)}

g-Naphthyl 78 1.29
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The structural and conformational investigation of the
disulfide moiety has been the subject of a wealth of papers in the

recent Titerature, not only on small model compounds such as dimethy?

disulfide, but also on complex ones such as proteins.

The existence of a barrier to rotation about the

S-S Tink of a disulfide was established over 20 years ago,

but experimental estimates of its magnitude vary between 25 - 67

kJ m01'1, somewhat depending on the experimental method used to

obtain the data. However, it is found that in most of the cases cis -and
Lrans barriers were not separately identified, .although it was ‘commonly
thought that the stable conformation of several dialkyl disulfides

would be gauche.

Earlier, the infrared spectra of several dialkyl disulfides
were studied by Thompson and Trotter7 and by Shepparda. Later,
Scott gi_gl.g reported the vibrational assignments of dimethyl

disulfide,2? 9¢

diethyl disulfide,”® and di-n-propyl disulfide,’C to-
gether with the collection of early data of infrared and Raman
frequencies for their thermodynamic studies. The infrared and Raman
spectra of di-tert-butyl disulfide were also measured by Scott et ﬂ.gh
in detail. These investigations showed the presence of rotational

freedom about the S-S link. In addition, Nelson and Smyth11 reported
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that the dielectric relaxation behaviour of diphenyl disulfide
suggests that a significant degree of intramolecular relaxation

takes place about the S-S Tink.

9c 9d

However, Scott et al.” ™ and Foss” reported the barrier

height for rotation about the S-S bond of dimethyl disulfide with
the help of calculated and observed data for the entropy and heat
capacity as 28.4 kJ mo]’l. From infrared datagi a barrier height

of 30.5 kJ mol'] was obtained. An. n.m.r. study of less hindered
acyclic disulfides was made by Fraser g;_gl,gj They reported: values
ranging from 29-39 kJ mol'] for barrier to rotation about the S-S

link. But Raman data yielded somewhat larger barriers as for

dimethyl disulfide®® 39.7 kJ mo1~', and diethyl disulfide,>?

55.2 kd mol~'. An even larger barrier (cis barrier), 51.4 kJ mo1”!

has been estimated from n.m.r. data?e

0f the existing data on this rotational process, an

9f

interesting result is provided by Kessler and Rundel. By

means of d.n.m.r. measurements they found a barrier of 65.5 kJ mo1-1

in bis (4-methyl- 2,6-di#tert- butyl phenyl) disulfide. From

the investigation of the millimeter-wave rotationalvspectrum'of-yzsé,gg
it was concluded that the barrier to internal rotation is very high,
much higher than the ana1ogous H202 molecule (cis barrier, 29.3 kJ

1 ]).12

mol” ', trans barrier, 4.6 kJ mol”~
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In additicn to the above experimental studies, a vast
amount of quantum mechanical calculation has also been carried
out on the investigation of energy barrier to rotation about the
S-S link. The computed barrier heights span quite a range,
depending on the method used.

Several investigationslo(a'c’d’e’f’h)

by MO methods have
been carried out on HZSZ molecule. They predict barrier heights in
the ranges 11.3 - 45.6 kJ mo]’l (cis) and 3.3 - 25.1 kJ mo]'] (trans).

10g reported somewhat Tower

From EH calculations, Boyd
barriers for H,S, i.e., 6.3 kJ mol” ! (cis barrier) and a trans barrier
of 3.8 kJ mo]']. Numerous molecular orbital studies have also been
carried out on dimethyl disulfide. Previous calculations on the
conformation of dimethyl disulfide by the PCILO me’chod]Ob showed a
preferred dihedral angle of 100°, a cis barrier of 12.1 kJ mo]'l
and a trans barrier of 5.4 kJ mo]"]. However, the EH ca]cu]ations]og
produced an equiTibrium dihedral angle of about 900, staggered
methyl groups, and reported a barrier height of 29.3 kJ mo]'l (cis
barrier) and 9.2 kJ mol'.l (trans barrier). A recent suggestion by
Mlinger et a1l% implies a barrier height of 41.8 kJ mo1™' (cis
barrier) and a barrier height of 29.3 kJ mol‘] (trans barrier) for

dimethyl disulfides; Itis to be noted that the trans barrier height

of 29.3 kJd mol'] is in good agreement with those found from
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calorimetric data, and infrared data

10a

Furthermore, Bergson has derived expressions which

give the energy barrier to internal rotation around the S-S link.

From these expressigns he finds that p-orbital repulsion causes a

1 and sp3 orbital repulsion causes a

barrier of 25.9 - 29.3 kd mol™).

barrier of 57.7 - 65.6 kJ mol

In diphenyl disulfide, the barrier height was calculated
to be 62.7 kd mol~! for rotation about the S-S Tink, by the Eﬂgg
method.101 In the literature, barrier height to rotation about the C-S
Tink in some disulfides has also been reported. From the calorimetric

%9a

value of entropy,” a barrier height for methyl group rotation in

dimethyl disulfide was found to be 4.8 kJ mo]']. The EH ca]cu]ationmg
reported that when the CSSC dihedral angle is large enough to avoid steric
hindrance between the methyl groups; the barrier to rotation around
C-S bonds in'(CH3)2 S, is 5.0 kJ mo]”l, which was found similar to
the exper‘imentaﬂ]3 barrier of 6.7 kJ mol'], Recently, Aroney g;hgl,]4
made dielectric loss measurements of some dialkyl and diaryl disulfides
in benzene solution at 293K, and at only three frequencies, i.e., 1.14,
3.04, and 8.54 GHz, However, the results were not very conclusive, which

could be related to the limited frequency coverage.

From the preceding review, though a vast amount of experi-
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mental and theoretical work has been carried out on the investigation
of the rotational barrier around the S-S link, it seems that conforma-
tional analysis of the disulfides is far from complete. This is due
to paucity of experimental data concerning the energy barrier and also
of some limitations in the technique employed. Therefore, it seemed

highly desirable to investigate this problem with the aid of the

"dielectric relaxation technique", by trapping solute molecules in
a polystyrene matrix, as this method has proved successful in determining
intramolecular energy barriers when the intramolecular relaxation can be

completely separated from the molecular process.
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EXPERIMENTAL RESULTS

The dielectric loss measurements in the frequency range

of 102 - 10°

Hz have been made by using a General Radio 1615A

capacitance bridge. For dimethyl disulfide, additional measurements

have also been made on a Hewlett-Packard 4342A Q-meter in the fre-

quency range of 2.2 x ]05 Hz to 2.2 x 107 Hz. The disulfides studied
here have Qenera] structure R-SS-R (where R is methyl, ethyl, iso-

propyl, n-butyl, tert-butyl, n-octyl, phenyl, benzyl, 4-tolyl, 3-

nitro phenyl, and 4-aminophenyl) that is all the solute molecules have been
examined in a polystyrene matrix, A sample plot of loss factor

{e" = ¢"(obs) - e"(polystyrene)} against logarithm frequency is given

in Fig. IV-2 for (CH392 Sy, Similar dielectric 1oss:measurements: have
also been carried out on di-g-naphthyl disulfide as pure polycrystal-
line powder pressed into a disk. In addition, p-chlorothioanisole:

was also examined in2 polystyrene matrix. The results of Fuoss-

Kirkwood analyses for the molecules examined are collected in Table IY-2.
The results of Eyring equation analyses for these molecules are

presented in Table IV-3., The relaxation times calculated from

these analyses at three temperatures (100K, 200K, and 300K) are also

given,
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DISCUSSION

In symmetrical disulfide compounds, the components of

the dipole moment of the two substituent groups along the

long axis of the molecule (along the S-S band) -cancel each other. This
results in-a permanent molecular dipole of zero magnitude along ‘that “axis;
thus leaving only the perpendicular components of the dipole moment

to contribute to an-intramelecular mechanism. -This is-a similar

case to that of terephthaldéhyde,17 and 1,4-djacetyl benzene,23

where only.the-aldehyde; group and acetyl group relaxation have been
observed in the polystyrene matrices. Thus it appears that '

the most likely relaxation candidate is intramolecular re-

laxation around the S-S bond,

The dialkyl disulfides examined here in a polystyrene matrix
showed two dielectric absorptions. ..The only exceptions here were the diethyi-
and di-isopropyl disulfide, where the third dielectric absorption
around room temperature was also observed, In addition;- the low.temperature
absorption, as observed in all the other dialkyl disulfides, could

not be observed in the case of dimethyl disulfide.

From good linear plots of logTt as a function of recipro-
cal temperature (T-l) (for example, Fig. IV-3 for dimethyl disulfide),

the corresponding enthalpies of activation, AHE (kd mo]']), were 28,
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26, 31, 32, 30, and 28 for a high temperature absorption of

dimethyl-, diethyl-, di-isopropyl-, di-n-butyl-, di-tert-butyl-,

and di-n-octyl disulfides, respectively. All these dialkyl disulfides
exhibited dielectric absorptions in the similar ranges of tempera-

ture (v180K) at a given frequency range.

In addition, a low temperature dielectric absorption is
also observed in all the dialkyl disulfides, with the exception
of dimethyl disulfide. The activation enthalpies for this process
were diethyl disulfide, 11 kJ mol™'; di-isopropy] disulfide, 18
kd mo1']; di-n-butyl disulfide, 18 kJ mo1'1; di-tert-butyl=disulfide,
12 kdJ mol'], and di-n-octyl disulfide, 25 kJ mo]‘L respectively.

The high temperature absorption -has significantly high
values of 'g' of about (0.4) for the distribution parameter of
dialkyl disulfides, Thijs is similar to that observed by Davies and

18

Swain = for.the intramolecular process when the absorption occurred at

a relatively high temperature, and under such conditions the larger
values of B suggest an intramolecular dipole process.

The value of 28 kJ mo1~! obtained by this study for di-
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methyl disuifide for a high temperature absorption is in good

agreement with a study by calorimetric data.gc

1

This yielded
an energy barrier of 28.4 kJ mol™ ' for rotation about the S-S bond
in dimethyl disulfide. In addition, the present value of 28

kd mol'] for dimethyl disulfide agrees wel] with those found for
dimethyl disulfide from EH cal‘culations,]Oh 29.3 kd mol”! and

9i

from infrared data,” 30.5 kJ mo]’l respectivelys for rotation about

the S-S bond.

It can be seen from Table IV-2 that the value of maximum
dielectric absorption (e"yax) for the high temperature process in dimethy]l

disulfide decreases with increasing temperature, which is in Tine with the
observation of Davies and Swain,]8 in which the E"max value for an intra-

molecular process in cyclohexyl chloride and cyclohexyl bromide decreases

with increasing temperature.

Further, it may be noted (Table IV-2) that for high tempera-
ture absorption in dimethyl disulfide, the varjation in observed
dipole moment values with temperature is not very significant.
Even when extrapolated at 300K, {“extpd=0'6D} it could not attain the
observed value of dipole moment in benzene solution at 303K, {“LIT =
1.97 D}. Hence these considerations suggest that the relaxation in

this molecule occursby an intramolecular process around the S-S bond.

The low temperature dielectric absorption was not observed



104

in dimethyl disulfide. It was measured on both the General
Radio bridge and the;Q—meter within our limits of temperature

(1iq N2 temperature) and frequency of the instrument.

As it may be seen from Table IVa3, in dimethyl
disulfide a dielectric absorption was measured at a higher temperature

range 273 to 311K, giving sH = 57 kJ mol™!

and S = 41 g k!
mo1~'. It is to be noted (Table IV-3) that the values of relaxation
time (t = 1.1 s ), free energy of activation (AGE = 49 kJ m01_1)

at 200K, and the enthalpy of activation, aH. = 57  kJ mol™ !
obtained for this molecule are considerably higher, This would not
be expected for molecular relaxation of such a small molecule.
However, since this dielectric absorption occurs at a much higher
temperature (> 300K), it appears that the absorption might have
arisen due to the Towering of glass transition temperature.

A co-operative motion of the whole molecule together

with the segments of the polymer chain occurs for this high temp-
erature process of dimethyl disulfide.. A number of similar systems

has been examined in this laboratory by Walker et 1.2]

who obtained a relation: aSg (3 K™\ mo171)= -150 + 3.24 aH. (kd mol™'),
corresponding to the co-operative motion of molecules in the polymer.
Hence, as the values of AHE and ASE for the higher temperature process

of dimethyl disulfide fit into this relation within experimental error,

this gives additional support of a co-operative molecular process in



105

polystyrene for the higher temperature process of dimethy]l

disulfide.

The next member of the dialkyl disulfide series, i.e,,
diethyl disulfide, exhibits the higher temperature dielectric
absorption in a similar range of temperature (275 - 311K) as
observed for dimethyl disulfide. This yielded values of activation

1

enthalpy and entropy as 62 kJ mol” ' and 60 J K'1 mo]'l, respectively,

which fit 4into the above relation?! for a co-operative molecular process
in polystyrene. In addition, it is seen (Table IV-3) that the «

and AGg values (300K) for the higher temperature process of diethyl
disulfide are all similar to the corresponding values obtained for the
higher temperature process of dimethyl disulfide. Thus, these
observations indicate that this absorption in diethyl disulfide

arises because of the lowering of glass transition temperature and is

attributed to a co-operative motion in polystyrene.

In addition to this absorption, diethyl disulfide shows two
sets of absorption, one at high temperature (~180K), which is
in similar ranges of temperature and frequency as in dimethyl disulfide,
and the other being the low temperature absorption (n85K), which was not

observed in dimethyl disulfide.

For the high temperature process of diethyldisulifide the distribu-
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tion parameter, 8 (0, 40 - 0.45) values are appreciable., This is similar to

18 for an intramolecular relaxation

the observatijon of Davies and Swain
process. It is also notable (Table IV-2) that for high temperature
absorption, maximum loss factor, e"max,decreases with the rise of
temperature, This js in accord with the high temperature process

of dimethyl disulfide. The free energy of activation (AGE = 28 kJ
mol']) and the relaxation time (1t = 4.6 x 1076 s ) at 200K for diethyl
disulfide are found to be closer than the corresponding parameters

for dimethyl disulfide (G, =26 kJ mol™'; = = 1.7 x 107 5),

The difference in the extrapolated value of the observed dipole moment

at 300K {u = (0.52 D} and the literature value in benzene solution

extpd
at 298K {“LIT = 1.99 D} for the high temperature process of diethyl
disulfide is quite significant. In addition, the observed dipole
moment value of 0.52 D at 200K is to be compared with the corresponding
value of 0.87 D at 200K, typical for an intramolecular relaxation

process in an aliphatic system (butyraldehyde).

The activation enthalpy (AHE = 26 kJd mol']) for diethyl
disulfide for a high temperature absorption is ~2 kd mo1~1 less than
the corresponding value of 28 kJ mo]'] in dimethyl disulfide. This
is mainly due to the decrease in entropy of activation in the former

rather than in the latter. However, this difference in AHp values

between dimethyl- and diethyl disulfides may be considered within
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the limits of experimental error.

It is apparent from Table IV-3 that in diethyl disulfide, the
magnitude of enthalpy of activation, AHE = 26 kd mo]'l is

less than the frge energy of activation at a given temperature

], so that the entropy of activation is

20

(200K), aG = 28 kJ mol”
negative, According to Branin and Smyth, negative entropy

of activation indicates that there are fewer configurations possible

in the activated state and for these configurations the activated

state is more ordered than the normal state". As mentioned at the
beginning of the discussion, for symmetrical disulfide compounds,

only the perpendicular components of the dipole moment would be
responsible for the relaxation mechanism. The horizontal components
along the long axis of the molecule (S-S bond) are equal and oppo-

site and cancel each other, leaving no horizontal component of the
dipole moment to contribute to the molecular relaxation. Thus it

would appear that the possible relaxation candidate for the low
temperature absorption of diethyl disulfide could be segmental relaxa-
tion. The assignment of the low activation enthalpy of 11 kJ mol-!

to the segmental rotation in diethyl disulfide appears to be consistent
with the observation in this absorption of a large distribution

parameter (pv0.3), small values of relaxation time (t = 5 x 10’10 s)
and free energy of activation (AGE = 13 kJ mo]']) at 200K, and

the observed dipole moment value of 0.8 D at 200K. Hence,in view of
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the flexibility of the alkyl chain and the above considerations,
it would seem reasonable that the segmental reorientation contri-
butes to the low temperature dielectric absorption in diethyl

disulfide.

For the high temperature absorption of di-isopropyl
disulfide, the observations, i.e., the temperature range of
absorption (~180K), significantly high 'g' values (&0.4),and
the decrease in enmax with the rise of temperature are all
similar to that observed for the high temperature process of
dimethyl- and diethyl disulfides. Further, the observed dipole
moment decreases with the increase of temperature, When
extrapolated to 300K, the difference in the value of dipole
moment with that observed in benzene solution is quite significant
(Table IV-2). An activation enthalpy of 31 kJ mo1=1 has been
obtained for this high temperature absorption of di-isopropyl
disuifide. This may be explained as the enhanced inductive effect
which in this molecule would lead to a greater electron density around the
S-S bond in comparison with the dimethyl disulfide. Hence, a slightly
larger enthalpy of activation than for dimethyl disulfide (AHE =
28 kd mol']) would result.' Further, the larger free energy of activation
at 200K (AG. = 30 kJ mo1=!) in the former occurs over that of the
latter (AGE = 26 kJ mo]']).
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A low temperature dielectric absorption in di-
isopropyl disulfide was measured in the temperature range of
101 - 125K, yijelding an activation enthalpy and entropy of 18
kd mol™) and 10 J K mo]'], respectively. It is seen (Table IV-3)
that for this absorption, the distribution parameter, (80.3),
the relaxation timeyand free energy of activation at 200K
(r = 3 x 1072 s, MG = 16 kJ mo]']), respectively, are in
accord with the corresponding parameters for the low temperature
absorption of diethyl disulfide. This suggests a segmental
relaxation process for the low temperature absorption of di-
isopropyl disulfide. Apart from above mentioned dielectric
absorptions for di-isopropyl disulfide, a similar higher temperature

absorption (~300K) was observed for this molecule as in the case of

dimethyl- and diethyldisulfides. This absorption yields considerably

high values of activation enthalpy, AHp = 138 kJ mo]’], and activa-

1

tion entropy, ASp = 325 J K™ mo]']. This, however, should not be

considered reliable, as during the course of dielectric measurements
capacitance readings were unstable. They may be attributed to the

onset of the glass transition temperature. Such systems would

appear to give much flexibility to the polymer segments in the medium,

which would in turn lead to greater disorderliness in the medium. Thus,
the dielectric measurements are made more difficult. However, the

values of activation enthalpy and entropy for di-isopropyl disulfide have

21

been tested in the relation®" recently derived for the co-operative
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molecular process. The fact that the higher temperature process

obeys this relationship suggests that co-operative motion may

occur.

The increase in chain length in the dialkyl disulfide
series, i.e., di-n-butyl disulfide and di-tert-butyl disulfide,

again shows two regions of absorption.

The temperature range of absorption in a given frequency
range and the larger Fuoss-Kirkwood distribution parameter
(B0.4) for the high temperature absorption in di-n-butyl-
and di-tert-butyl disulfide are similar to that found
for a high temperature process in dimethyl-, diethyl-, and di-
isopropyl disulfide, where the absorption is attributed to an
intramolecular relaxation process around the S-S bond. The
decreasing behaviour of AGE and observed dipole moment with
the rise of temperature is also found in these molecules, which
is a common aspect in the preceding diaTky] disulfides, the ex~
ception being the diethyl disulfide, where owing to the negative
entropy of activation, the value of AGE increases with tempera-
ture. It is to be noted (Table IV-3) that di-n-butyl disulfide
yields an ~4 kd mo1'1higher enthalpy of activation (AHE = 32
kd mo1™!) than that of dimethyl disulfide (aH; = 28 kd mol1),

which is not significantly different and may be considered
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within the Timits of experimental accuracy. However, on the
other hand, this small difference may be due to the

variation in size of the substituent 'R' in RSSR moiety, as

the larger substituent would be expected to enhance the

barrier to intramolecular rotation arognd the S-S bond. Simi-
larly, as the size of tert-butyl substituent seems larger than
the isopropyl substituent in the RSSR moiety, one might expect a
larger activation enthalpy for intramolecular rotation around
the S-S bond in di-tert-butyl disulfide than that of di-isopropyl
disulfide, However, the enthalpies of activation for the high temperature
process of di-tert-butyl- and di-isopropyl disulfides are found

Tand 31 kJ mo1'l respectively, which is not a

to be 30. kJ mol~
significant difference within the limits of experimental

error. Nevertheless, a Tittle increase in AHg value for the latter
molecule with that of the former could also be explained, as

the di-isopropyl disulfide has greater steric interaction and a
larger group moment (1.4 D) due to an enhanced inductive effect,
whereas the di-tert-butyl disulfide has a significantly Tower

group moment (1.32 D) due to an increase in the dihedral angle

(¢ = 83°). This reveals that the former molecule has a larger
energy barrier to intramolecular rotation around the S-S bond

than that of the latter molecule. In addition, the free energy

of activation, aG; = 30 kJ mol™! at 200K for di-isopropyl
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disulfide,is found to be larger in comparison with the

1 for di-tert-butyl

corresponding value of 29 kJ mol~
disulfide, It can also be explained in terms of its larger
moment and its enhanced inductive effect, which would lead

to a greater electron density around the S-S bond, Thus,

a slightly Tlarger energy barrier to intramolecular rotation

around the S-S bond in di-isopropyl disulfide than in di-tert-
butyl disulfide could be explained.

The low temperature dielectric absorption of di-n-
butyl disulfide yields an actjvation enthalpy and entropy as

! mo]'], respectively, while di-tert-

18 kJ mo1™1 and 5 J K
butyl disulfide yields the corresponding parameters as 12

kd mol™! and -15 4 K']mol'l respectively. It may be noted

(Table 1V-3) that the temperature range of absorption, the activa-
tion enthalpy and entropy, the values of relaxation time,and the
free energy of activation at 100K for the low temperature
absorption of di-n-butyl disulfide are in accord with the
corresponding parameters for the low temperature absorption of
di-isopropyl disulfide, For di-tert-butyl disulfide these
parameters show resemblance with that of the corresponding

parameters for the low temperature absorption of diethyl disul-

fide. However, when the flexibility of the alkyl
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chain in these dialkyl disulfides is borne in mind, the variation in
the relaxation parameters can be accounted for by the involvement of
segments of different size in these molecules. It is also to

be noted that the variation in the values of AHE s ASE, T, and

AGE at 100K for the low temperature absorption of di-ethyl-,
di-iso-propyl-, di-n-butyl-, and di-tert-butyl disulfides is not

in accordance with the size of the molecule, This would not be
expected if it had been a molecular relaxation process. Hence,

it would seem reasonable to interpret the segmental relaxation
within the alkyl chain for the low temperature process of di-
n-butyl disulfide and di-tert-butyl disulfide. This interpretation

is similar to that observed in diethyl disulfide and di-isopropyl
disulfide.

14 obtained a

It should be noted that Aroney et al.
relaxation time of 4.0 psec and 7.9 psec for a predominantly
molecular relaxation process in dimethyl disulfide and di-

tert-butyl disulfide,respectively in benzene solution at 293K.
However, since only a Timited frequency range was employed in
these measurements, a contribution from relaxation about the

S-S bond could not be excluded at a higher frequency range.
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When the chain length is increased to di-n-octyl disulfide

two regions of absorption are again obtained. It should be noted that

the values of relaxation time (t = 3.6 x 10'5 s ) and free energy
of activation (AGE = 31 kJ mo]"]) at 200K for the high tempera-

ture absorption pf di-n-octyl disulfide are in harmony with the

S5, 29 k) mol™ly

%

corresponding parameters of 1 x 10
1.1x107° s , 29 kJ mol™'; and 1.5 x 10™° s, 30 kJ mo1~',
respectively, obtained for the intramolecular rotation around

the S-S bond in di-n-butyl-, di-tert-butyl-, and di-isopropyl
disulfides, respectively. In addition, it is apparent from Table IV-3
that the free energy of activation increases with the rise of
temperature, and the enthalpy of activation (AHE = 28 kJ mo]'])

is found to be less than the free energy of activation at a

given temperature (200K). This is due to its negative entropy

of activation. Similar behaviour was found for a high tempera-

ture process of diethyl disulfide. It may also be seen that the
magnitude of enthalpy of activation (28 kJ mo]‘]) is about the

same order as for other dialkyl disulfides for a high temperature

absorption.

Hence. the above considerations suggest that high tempera-

ture absorption of di-n-octyl disulfide could be attributed to an

intramolecular rotation around the S-S bond, which has been ob-

served in all the other dialkyl disulfides.
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An activation enthalpy of 25 kJ mo1™1 and an

1 mo]'1 have been obtained for the

activation entropy of 23 J K~
low temperature absorption of di-n-octyl disulfide. They would

appear to correspond to the segmental relaxation process as

observed in diethyl-, di-isopropyl-, di-n-butyl-, and di-tert-

butyl disulfides. However, it seems profitable to note that

the sequence of increasing AHp, ASp, AGp, and t at 100K for the

low temperature process of diethyl disulfide, di-n-butyl

disulfide and di-n-octyl disulfide was 11, 18, and 25 kJ mo]'l, respectively;

1 mo]'l, respectively; 12, 17, and 23 kJ mo]'l,

7 4 1

-8, 5, and 23 J K~

respectively; and 8.9 x 107", 5.3 x 10" ', and 2.8 x 10"~ s, respectively.
This sequence of increasing relaxation parameters with increasing chain
length of dialkyl disulfides may be related to the increasing length

of the alkyl chain with its increased possibilities of intramolecular
relaxations. For example, in di-n-octyl disulfide, the larger alkyl units
which would be expected to encounter a greater resistance from the surround-
ing medium. As a result, relatively larger relaxation parameters have

been obtained for this molecule than those of diethyl- and di-n-butyl

disulfides.

The di-n-butyl-, di-tert-butyl-, and di-n-octyl disulfides
were carefully measured at higher temperatures, up to the limit of our
high temperature range (i.e., glass transition temperature), to examine

the type of absorption, which was observed in dimethyl-, diethyl-,
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and di-isopropyl disulfides which appears to be attributable to

a co-operative molecular process in polystyrene. However, the

higher temperature absorption was not observed for these three molecules.

In general, apart from dimethyl disulfide, all the
dialkyl disulfides show two regions of absorption, The exceptions
are the djethyl-and di-isopropyl disulfides, where the third
dielectric absorption (~300K) was also observed. For dimethyl
disulfide, two sets of absorption were found, one around 180K

which is common to all the djalkyl disulfides, and the other

at ~300K, which was observed only in diethyl- and di-isopropy]l

disulfides. The lTow temperature absorption could not be observed although

a very careful and detailed study was made.

The higher temperature absorption of dimethyl-, diethyl-,

and di-isopropyl disulfides appears to have arisen owing to the

lowering of the glass transition temperature. This may be attributed

to a co-operative molecular process in the medium, since the
values of AHE and ASE have been examined in the re]ationZ]

recently derived for the co-operative molecular process.

A1l the dialkyl disulfides, R,S, (where R = CHj, CZHS’

CH(CH3)»» C4Hgs C(CH3)3, CgHyz) show high temperature absorptions



117

in the same temperature region (~180K) for the given frequency
range, They havé'significantly high Fuoss-Kirkwood distribution
parameters (gv0.4), the exception being di-n-octyl disulfide,
Further, the values of activation enthalpy for all the

molecules do not show any significant variation, and if one
examines these values, they all fall in the range 29 +3 kJ moi'].
This should be considered within the Timits of experimental
accuracy, and for the values of activation entropy it would

appear to tend to zero. It is to be noted (Table IV-3) that
di-isopropyl disulfide, di-tert-butyl disulfide,and di-n-

butyl disulfide yield virtually identical values of relaxation
time (~1 x 1072 s ) and free energy barriers (~29 kJ mol'])

at a given temperature (200K). It may also be noted (Table IV-3)
that the relaxation times and free energy barriers at 200K
apparently show an increasing behaviour with increasing size of

the rotatable unit, that is in the order of dimethyl-, diethyl-,
di-n-butyl-, and di-n-octyl disulfide. However, the variations

in these parameters are not very significant, which could be taken
to be within the 1imits of experimental error. The common features
found for a high temperature process amongst dimethyl disulfide and
the other dialkyl disulfides reveal that the same intramolecular
relaxation process around the S-S bond has been observed in all the

dialkyl disulfide molecules.
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The Tow temperature dielectric absorption undoubtedly
arises from segmental relaxation in these dialkyl disulfides.
The variation in relaxation parameters can be accounted for by

the involvement of a variety of segments in these molecules. The

values of activation enthalpy and relaxation time at 100K (Table IV-3)
are not in accord with the size of the molecule. This observation

is in contrast to the molecular relaxation process. The absence of
low temperature absorption in dimethyl disulfide gives additional
support to the above interpretation of segmental relaxation

for the low temperature process of dialkyl disulfides. In view of
this the Eyring parameters derived for the low temperature absorption
may well not be meaningful since more than one relaxation process

may be involved.

In addition to the study of dialkyl disulfides, some
symmetrical diaryl disulfides have also been examined in the
polystyrene matrix. In symmetrical diaryl disulfides, similar to
the dialkyl disulfides, there would be no horizontal component of
the dipole moment to contribute to the molecular relaxation process.
Only the perpendicular components of the dipole moment can contribute.

Thus, the possible relaxation candidate could be intramolecular re-

laxation around the S-S bond in these diaryl disulfides.

In the literature, it is thought that less hindered diary1

disulfides show hindrance to rotation about the C-S bonds Only.gf
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Further, Ronsisvalle 23_31.22 derived expressions and

suggested that the possibility of free rotation of the phenyl

groups about the C-S bonds in molecules of the diphenyl di-
1.10i

sulfide type may be excluded. However, Gruttadauria et

. CNDO
by using the —5— method, tentatively reported a rotational

barrier for diphenyl disulfide about the Cap=S link as 238.3 kJ mo]'].

The first mo]ecu]e of a diaryl disulfide series studied in a poly-
styrene matrix is diphenyl disulfide. In this molecule only one ab-
sorption measured from 219 - 264K was found, having a high distribu-

tion parameter, (8v0.3) and an activation enthalpy of 33 kJ mol~'.

It is apparent from Table IV-3 that free energy of activation increases
with the rise of temperature. The enthalpy of activation (AHE = 33 kJ
mo]']) is found to be less than the free energy of activation (AGE =

-1

38 kd mol™ " at 250K), so that the entropy of activation is negative

(ASE = -18 g K1 mo]']). It is seen from Table IV-2 that the extra-

polated value of the observed dipole moment at 300K provides a value
of only 0.73 D in comparison with the observed value of dipole moment in

benzene solution as 1.92 D at 293K. This difference in dipole moment values

supports the intramolecular relaxation process in diphenyl disulfide

molecule. The reason is that, in the case of the complete relaxation
of the dipole by the whole molecule motion, the extrapolated value of

the observed dipole moment at a given temperature should attain a

closer value to the solution value.

The diphenyl disulfide and o-hydroxy benzophenone*

*Data is provided through the courtesy of M. Desando of this laboratory.
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(which is regarded as a rigid molecule) are fairly similar

in size, Each molecule would be expected to have a similar en-
thalpy of activation for the whole molecular relaxation.
However, the value of AHp for o-hydroxy benzophenone is

L greater than that for the diphenyl disulfide

25 kdJ mol~
molecule, This would not be expected if the process were

molecular relaxation in each case. A further comparison

with a rigid molecule, dibenzothiophene sulfoxide * (which

can be taken as a lower limit for a molecular relaxation

enthalpy of activation) has yielded AHp = 39 kJ mol™! for a
molecular relaxation process. This is again 6 kd mol']

greater than that for diphenyl disulfide (AHE = 33 kJ mo]']).

Thus, consideration of the enthalpy of activation, AHE for diphenyl di-
sulfide molecule and the corresponding values for the similar

sized rigid molecules, o-hydroxy benzophenone and dibenzothiophene
sulfoxide,suggests that most likely intramolecular rotation

around the S-S bond occurs in the diphenyl disulfide molecule.
Further, the free energy of activation,AGE = 36 kd mo]‘1.

at 158K for diphenyl disulfide would seem reasonable for com-

1 at coales-

parison with the n.m.r. value of AG. = 32 kJ mol”
cence temperaturesobtained by Fraser 22.21393 for an intra-
molecular rotation around the S-S bond for (CGHSCHZSSCGHS) in

1iquid solution.
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The dibenzyl disulfide shows only one absorption in
nearly the same ﬁemperature region as diphenyl disulfide. This
molecule, similar to diphenyl disulfide, shows a significant
difference between the extrapolated value of the observed
dipole moment at 300K (”extpd = 0.9 D) and the value in benzene
solution (w rr = 1.9 D at 298K).  The relaxation time
(t = 4 x 1074 5) and free energy of activation (AGg = 35 kd mo1-1)
for dibenzyl disulifide at 200K are found to be smaller than
those for diphenyl disulfide, where the values of relaxation
time and free energy of activation at a given temperature (200K)
are T = 1.1 x 10'3 s and AGE=37 kJ mol1-] » respectively. It is
notable that the values of relaxation time and free energy of
activation at a given temperature (200K) did not show any increase
withincreasing size of the molecule, (i.e., on passing from
diphenyl disulfide to dibenzyl disulfide) and rather decreased within
the 1imits of experimental accuracy, which bears out the fact that
the same intramolecular process, i.e., rotation around the S-S link in

dibenzyl disulfide, is occurring.

In addition, a good correspondence is found between
our value of free energy of activation, AGE = 36 kJ mol-!
for dibenzyl disulfide at 145K in the matrix, and the cor-
responding n.m.r, value of AGE = 30 kJ mol1-! at 145K for an

intramolecular rotation around the S-S bond in dibenzyl disulfide
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in liquid solution. Hence, this agreement between AGE
values obtained from dielectric and n.m.r. techniques also adds sup-

port to the above interpretation for an intramolecular process

around the S-S bond for the dibenzyl disulfide molecule.

In the case of 4-4'diaminodiphenyl disulfide again

a single dielectric absorption was detected. As for this
molecule one should expect a relatively higher energy

barrier to rotation around the S-S bond in comparison with the
diphenyl disulfide molecule. The amino substituents on the

para position of the phenyl rings have a high mesomeric moment
(+M type) that will direct charge towards the S-S link. This
would make much more conjugation along this bond. Thus,

owing to the enhanced conjugation, the relaxation time,
T=4,6x 103 (200K) and the enthalpy of activation,

AHp = 37 kJ mo1~1 for 4-4'diaminodiphenyl disulfide appear to

be larger in comparison with the corresponding parameters of

1.1 x 1073 s and 33 kJ mo]‘], respectively for an intramolecular

process around the S-S bond in diphenyl disulfide.

It is notable that the entropies of activation for
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diphenyl disulfide and 4-4'diaminodiphenyl disulfide are negative.
When consideration of the previous comparison between rigid molecules
and diphenyl disulfide is taken into account, the possibility

of a molecular relaxation process in 4-4'diaminodiphenyl disul-

fide could be ruled out, as by introducing the amino groups in

the aromatic ring, one should expect the enthalpy of activation

to go up significantly owing to an increase in the size of the
molecule. Thus, these observations support the as-

signment of an intramolecular rotation around the S-S bond

to this process of 4-4'diaminodiphenyl disulfide.

For 4-tolyl disulfide only one absorption measured

from 265 - 303K was found, yielding an enthalpy of activation,

60 kJ mo]'], a large positive entropy of activation,

1 1

AH

E

AS 55J K ' mol s and the breadth of the absorptions

E
(Tow B8 values ~0.2). One should expect a similar value of re-
laxation time and enthalpy of activation for 4-4'diaminodi-
phenyl disulfide and 4-tolyl disulfide for a molecular relaxation
process, as both the molecules are fairly similar in size and
shape. In contrast, one might expect smaller values of 7 and

AHE in the latter molecule than in the former, if both molecules

exhibit the same intramolecular relaxation process around the
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S-S bond as the amino group is more electron donating than the
methy1 group. Tﬁis would make far much more conjugation with the
S-S bond, and hence a larger energy barrier for an intramolecular

process around this bond.

However, significantly larger values of relaxation
timg)(r = 2 s at 200K) and enthalpy of activation, (AHE =
60 kJ mol™') for 4-tolyl disulfide than that for 4-4'diamino-
diphenyl disulfide, where the respective values are t = 4.6 x
10'3 s and AHp = 37 kJ mo]'], reveal that two different
processes have been observed in these molecules. It is
worth noting (Table IV-3) that the temperature region of
absorption, relaxation time,and free energy of activation at
300K, and the values of activation enthalpy and entropy for 4-
tolyl disulfide are all of the same order as those obtained for
the higher temperature absorption of dimethyl; and diethyl disul-
fides, where most 1ikely absorption arises owing to a co-

operative molecular process in polystyrene.

The bis(3-nitrophenyl) disulfide also shows one set
of absorption, having enthalpy of activation, AHE =71 kd mol"]
and a large positive entropy of activation, ASE =97 J - mo]’].
The temperature range, magnitude of relaxation timeyand free

energy of activation at 300K (Table IV-3) for bis(3-nitrophenyl)
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disulfide appear to be in close similarity with the corresponding
values for 4-tolyl disulfide. In addition, the activation

enthalpy, and entropy values for 4-tolyl disulfide and bis(3-
nitrophenyl) disulfide are found, in each instance, to fit very

well within experimental accuracy to a lr‘e]at'ionz.| corresponding

to a co-operative motion in polymer. This further supports the view
that the co-operative motion of the molecule with the segments of the
polymer chain make a contribution to the dielectric absorption

of 4-tolyl disulfide and bis(3-nitrophenyl) disulfide.

The last molecule of the diaryl disulfide series
studied was di-g-naphthyl disulfide. The pure crystalline solid
sample of di-B-naphthyl disulfide showed only one absorption and
gave a significantly low value of AHE = 14 kdJ mol'] in the
temperature range of 194 - 229K. A significantly high °'B'
value (0.29 - 0.59), (which is the characteristic of intra-

18,19 and a large negative entropy of

molecular dipolar motion),
activation, ASE ; -93’J K'] mo1'1 are found in'di-s-naphtﬂyl
disulfide. . It is to be noted that the free energy of activation,
AGE, at 200K in di-B~naphthyl disulfide is about the same order
of magnitude as in dialkyl disulfides for a high temperature
intramolecular process. The enthalpy of activation is found

to be.less than the free energy of activation, owing to a larger

negative entropy of activation. Thus from previous consideration
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of its 'g' and AGE values, the most Tikely interpretation is

that some form of intramolecular motion of naphthyl groups around the

S-S bond occurs in di-B-naphthyl disulfide.

The last molecule for which the data are given in
Table IV-3 is p-chlorothioanisole, although it is not a member of
disulfide moiety. However, a study of this molecule may provide

some information for future work in this serijes.

The p-chlorothioanisole shows two sets of absorption.
The higher temperature absorption was measured from 209 - 243K,
giving '8' = 0.17 - 0.19, aH_ = 41 kJ mol™' and aS_ = 25
J K-1 mo1-} The values of relaxation time (TZOOK = 8.0 x 1074 S)
and enthalpy of activation'(AHE = 41 kd mo]']) for p-chloro-
thioanisole are to be compared with the respective values of
(TZOOK =3.1x10%s ) and (AHE = 42 kJ mo1']) for almost
a similar sized rigid molecule, p-iodotoluene. In addition,
the values of free energy of activation (at 200K) and entropy
of activation for the former molecule are found to bes AGE =

1

36 kJ mol™' and AS; = 25 J K™ mo1-1, respectively.

In the latter rigid molecule, these values are 35 kJd mo”l'1
and 33 g K~ mo]'], respectively. Hence,this close similarity
of relaxation parameters between p-chlorothioanisole and a

rigid p-iodotoluene molecule strongly favoured a molecular
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relaxation process for p-chlorothioanisole. The low temperature

absorption of p-chlorothioanisole was measured on a Q-meter
in the temperature range of 90 - 116K, yielded an activation
enthalpy of 7 kJ mo1=! and an activation entropy of -43 J k-1

mo]‘]. This may be attributed to an intramolecular process around

the Cy,.-S bond. Farmer and Walker24 reported a barrier height of

5.4 kJ mo1=1 for methoxy group rotation, but Katritzky gz.gl.zs
estimated a rotational barrier of 10.8 kdJ mol-1 for methoxy

group rotation. Thus, in the light of these reported values

of the rotational barrier for the methoxy group, our value of

activation enthalpy, AH- = 7 kJ mo1=1 for an intramolecular process

in p-chlorothioanisole seems quite reasonable.

Altogether, from the preceding discussion on the
experimental data, the conclusion may be drawn that in all dialkyl
disulfides an intramolecular relaxation process around the S-S
bond has been observed at a temperature 180K, having an enthalpy

of activation, ~29 kJ mo]'].

The segmenta]yrelaxation contributes to the Tow
temperature dielectric absorption of diethyl-, di-isopropyl-,
“di-n-butyl-, di-tert-butyl-, and di-n-octyl disulfides. The

disappearance of this absorption in dimethyl disulfide gives
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additional support to the above interpretation of segmental
motion in these dialkyl disulfides. Further, the AHgvalues
for this process for the diethy]{ di-isopropyl, di-tert-butyls

and di-n-butyl disulfides favour an intramolecular rather

than a molecular process.

The higher temperature absorption of dimethyl-,

diethyl-, and di-isopropyl disulfides is coupled with a

co-operative motion of molecules with the polymer segments.

In diaryl disulfides, the relaxation time and enthalpy
data favour intramolecular relaxation around the S-S bond in
diphenyl disulfide, dibenzyl disulfide, 4-4'diaminodiphenyl disulfide,
and di-g-naphthyl disulfide. The relaxation in 4-tolyl disulfide
and bis(3-nitrophenyl) disulfide seems to be due to the co-operative
molecular process in polystyrene. A value of AGE = 36 kJ mol‘]
for dibenzyl disulfide at 145K in the matrix agrees well with the

n.m.r, value of AGE = 30 kd mol-! at 145K for an intramolecular process

around the S-S bond in dibenzyl disulfide in 1liquid solution. In
p-chlorothioanisole a separate molecular relaxation process and an

intramolecular relaxation process have been observed.
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TABLE IV-2 TABULATED SUMMARY OF FUOSS-KIRKWOOD ANALYSIS PARAMETERS
FOR SOME DISULFIDE MOLECULES AND A p-CHLOROTHIOANISOLE
MOLECULE IN POLYSTYRENE MATRICES, AND FOR DI-g-NAPHTHYL
DISULFIDE IN A PURE CRYSTALLINE SOLID

T(K)  1081(s) 1060 Fax 0 e u(D)
' 0.95M Dimethyl disulfide
High Temperature Absorption

158.1 187.6 2.93 0.37 11.02 2.79 0.458
161.3 118.1 3.13 0.37 11.09 2.79 0.463
165.3 71.7 3.35 0.36 10.99 2.79 0.470
169.4 41.4 3.59 0.37 10.97 2.79 0.474
174.7 22.8 3.84 0.36 10.95 2.79 0.483
179.2 13.6 4.07 0.36 10.86 2.79 0.486
187.8 5.19 4.49 0.37 10.57 2.79 0.485
0.72M Diethyl disuifide
Higher Temperature Absorption
274.7 76.9 3.32 0.15 3.67 2.65 0.651
280.0 46.5 3.53 0.15 3.55 2.64 0.643
295.0 11.4 4.14 0.18 3.35 2.62 0.586
300.0 7.29 4.34 0.17 3.26 2.61 0.600
304.8 4.36 4.56 0.16 3.19 2.60 0.614
310.8 3.1 4.71 0.15 3.15 2.60 0.647
High Temperature Absorption
161.3 245.9 2.81 0.40 10.48 2.61 0.519
165.8 140.4 3.08 0.40 10.40 2.61 0.525
170.3 83.5 3.28 0.40 10.35 2.61 0.528
175.6 46.5 3.53 0.40 10.17 2.62 0.529
186.2 16.3 3.99 0.41 9.89 2.62 0.530
193.6 7.88 4.31 0.41 9.59 2.64 0.532
199.9 4.65 4.53 0.45 9.47 2.64 0.510
Low Temperature Absorption
80.9 26.5 3.78 0.24 8.18 2.45 0.439
83.6 14.9 4.03 0.24 8.49 2.45 0.448
84.2 14.0 4.06 0.23 8.62 2.45 0.454
86.8 7.75 4.31 0.25 8.98 2.45 0.459
89.6 4.41 4.56 0.25 9.33 2.45 0.471
90.8 3.83 4.62 0.26 9.45 2.45 0.469
92.1 3.27 4.69 0.27 9.69 2.45 0.470
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JTABLE IV-2 continued...

T(K)

283.
288.
293.
297.

176.

185.
190.
195.
199.
204.
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121.
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206.
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¢ o o o e 8 e e
YOI O1 =0 =00

3 u
€
max ©

0.56M Di-isopropyl disulfide
Higher Temperature Absorption

3.43 0.12 2.7 2.66
3.99 0.09 2.69 2.64
4.11 0.11 2.65 2.65
4.85 0.08 2.62 2.62

High Temperature Absorption-

2.85 0.32 10.69 2.68
3.10 0.35 10.57 2.68
3.36 0.34 10.36 2.68
3.58 0.37 10.08 2.69
3.83 0.36 9.84 2.69
3.99 0.39 9.67 2.69
4.20 0.39 9.42 2.69
4.38 0.40 9.17 2.69

Low Temperature Absorption

2.88 0.24 9.83 2.60
3.17 0.24 10.41 2.60
3.34 0.24 10.76 2.60
3.74 0.24 11.46 2.60
3.94 0.25 11.90 2.60
4.12 0.25 12.33 2.60
4.51 0.26 13.28 2.60
4.73 0.27 14.04 2.60

0.48M Di-n-butyl disulfide
High Temperature Absorption

2.86 0.30 11.72 2.68
3.11 0.30 11.89 2.68
3.40 0.29 12.07 2.69
3.61 0.31 12.14 2.69
3.84 0.33 12.30 2.70
4.07 0.35 12.39 2.71
4.27 0.37 12.45 2.71
4.45 0.38 12.36 2.72

[ N e N o]

cococoocooco ocoococococooo

OCOO0COOCOO0OC0

u(D)

.730
.815
.744
.908

.676
.655
.666
.635
.631
.622
.620
.615

.580
.601
.618
.653
.663
.680
711
.720

.791
.800
.834
.817
.809
797
.789
.780
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TABLE IV-2 continued....

T(K)

101.
105.
109.
113.
115.
120.
125.
128.

PN WWWWoo

170.
175.
180.
184.
190.
195.
199.
205.

OLONWOROOD

(Vo)
S
W WO

181.3
185.4
190.8
194.4

108+(s)

328.
175.
83.
40.

11.

280.
161.

50.
28.
16.
1.

46.
19.
.51

230.
150.

61.

AN OITNOIOCTW

S w

WO TWNIN Ol

O OOTwmMN

.22

3

Low Temperature Absorption

2.69 0.29 7.5Q
2.96 0.29 7.96
3.28 0.29 8.49
3.59 0.28 8.92
3.77 0.28 9.18
4.14 0.29 9.89
4.48 0.29  10.51
4.65 0.30  10.99

0. 48M Di-tert-butyl disulfide

High Temperature Absorption

2.75 0.34 8.16
2.99 0.35 8.14
3.28 0.36 8.07
3.50 0.37 8.00
3.75 0.39 7.89
3.99 0.40 7.82
4.15 0.41 7.76
4.39 0.43 7.60
Low Temperature Absorption
3.54 0.19 4.59
3.92 0.19 4.91
4.22 0.19 5.19
4 .57 0.20 5.53
4.69 0.20 5.59
0.30M Di-n-octyl disulfide
High Temperature Absorption
2.84 0.24 6.28
3.02 0.26 6.44
3.29 0.26 6.66
3.41 0.24 6.69

[ASEASEASEASEAC RS RS RN ]
. . . . . . . .

NN N NN N
L[] . . . . . L] . .

NN

COO0OO00O00O0O0O0o

OOO0OO0COOCOoOOoO

OO0

ococooo

u(D

511
.537
.567
.596
.609
.638
.670
.682

611
610
.614
.609
.597
.593
.591
.583

.451
.468
.488
.506
.519

.851
.828
.867
.906
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TABLE IV-2 continued....

K 10%(s)  logyr,. B Wk e u(D)

0.30M Di-n-octyl disulfide
High Temperature Absorption (con't)

199.8 35.6 3.65 0.23 6.88 2.57 0.957
205.9 21.7 3.87 0.23 7.12 2.57 0.991
210.5 14.9 4.03 0.22 7.24 2.57 1.027
216.0 9.27 4,23 0.21 7.43 2.57 1.081
Low Temperature Absorption
130.4 204.3 2.89 0.34 7.17 2.52 0.649
135.6 86.2 3.27 0.33 7.53 2.52 0.694
140.3 39.0 3.61 0.34 8.03 2.52 0.721
144 .8 18.6 3.93 0.3 8.41 2.52 0.749
149.8 9.15 4.24 0.36 8.92 2.53 0.761
155.0 4.4] 4.56 0.36 9.35 2.53 0.784
157.9 3.37 4.67 0.39 9.69 2.53 0.776
0.41M Diphenyl disulfide
219.3 177.7 2.95 0.25 3.39 2.68 0.561
224 .6 113.0 3.15 0.25 3.48 2.68 0.581
229.9 66.7 3.38 0.27 3.57 2.69 0.570
234.7 53.1 3.48 0.28 3.64 2.69 0.575
239.5 37.5 3.63 0.27 3.67 2.69 0.591
244 1 23.7 3.83 0.27 3.74 2.69 0.610
253.8 12.9 4.09 0.25 3.83 2.69 0.642
263.7 6.63 4.38 0.27 3.96 2.69 0.651
0.44M Dibenzyl disulfide
214 .9 94 .4 3.23 0.16 5.95 2.67 0.889
219.8 50.1 3.50 0.18 6.17 2.67 0.882
224 .8 30.3 3.72 0.19 6.40 2.68 0.883
229.9 15.8 4.00 0.19 6.62 2.68 0.904
239.2 7.73 4,31 0.20 7.00 2.68 0.907
248.7 3.95 4.61 0.22 7.37 2.69 0.905
253.8 3.62 4.64 0.25 7.52 2.70 0.881
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TABLE IV-2 continued....

ax «

T 10%:(s)  Togqpfmax & 10%" e u(D)

0.34M 4,4'-diaminodiphenyl disulfide

239.4 101.9 3.19 0.22 7.33 2.78 0.998
249.2 45.2 3.55 0.21 7.79 2.78 1.055
258.9 21.2 3.88 0.22 8.32 2.78 1.097
266.2 12.4 4.1 0.22 8.81 2.79 1.135
273.5 7.87 4.31 0.22 9.38 2.79 1.180
280.4 5.61 4.45 0.23 9.89 2.79 1.200
286.8 3.90 4.61 0.24 10.61 2.79 1.234
0.35M 4-tolyl disulfide
265.1 184 .9 2.93 0.19 4,95 2.68 0.922
268.0 150.0 3.03 0.19 5.07 2.67 0.958
273.0 97.1 3.21 0.17 5.25 2.67 1.026
277 .6 59.7 3.43 0.21 5.53 2.68 0.956
281.9 38.7 3.61 0.21 5.79 2.67 0.981
287.5 22.2 3.86 0.20 5.98 2.67 1.051
294.2 11.7 4.13 0.19 6.35 2.66 1.116
302.9 5.72 4.44 0.16 6.71 2.66 1.249
0.35M Bis-(3-nitrophenyl disulfide)
258.2 349.0 2.66 0.18 28.63 2.70 2.18
262.9 189.3 2.92 0.19 29.93 2.70 2.21
270.5 84.3 3.28 0.18 31.78 2.70 2.33
278 .1 32.3 3.69 0.19 34.08 2.69 2.39
285.5 14.9 4.03 0.21 36.52 2.70 2.40
290.1 8.80 4.26 0.21 37.96 2.69 2.48
294.1 5.07 4.50 0.21 39.70 2.68 2.55
Di-B-naphthyl disulfide
194.3 119.2 3.13 0.29 1.77 - -
199.8 79.9 3.30 0.60 2.64 - -
204 .4 90.9 3.24 0.60 3.02 - -
209.7 48.7 3.51 0.56 2.81 - -
214.5 44.9 3.55 0.45 2.66 - -
219.8 42 .4 3.57 0.48 2.85 - -
244.3 35.7 3.65 0.54 3.56 - -
229.2 22.7 3.85 0 - -

A1 3.02
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TABLE IV-2 continued....

T(K) IOGT(S) 109 19fpax 8 ]ose"max e

— e ——————eemare. e ———————— — s ettt ettt — —

0.55M p-Chlorothioanisole

209.1 252.9 2.80 0.19 11.85 2.63 1.027
214.1 133.6 3.08 0.19 12.18 2.63 1.050
219.6 81.9 3.29 0.18 12.54 2.62 1.113
223.9 53.2 3.48 0.18 12.77 2.61 1.142
228.7 31.7 3.70 0.18 13.07 2.61 1.163
233.7 19.1 3.92 0.17 13.31 2.60 1.207
238.4 12.6 4.10 0.17 13.51 . 2.60 1.228
243.7 6.83 4.37 0.17 13.74 2.60 1.262
Low Temperature Absorption
90.0 1.85 4.93 0.12 1.44 - -
95.4 0.682 5.37 0.16 1.54 - -
101.7 0.666 5.38 0.17 1.80 - -
103.1 0.426 5.57 0.27 1.87 - -
116.8 0.127 6.10 0.16 2.12 - -

"NOTE: A blank space (-) indicates that the information was not available.



138

X ¢ X oL x¢ 2 - %12 p1yINSLp
8 Le g¢ s 9% ,0LXLL LO0LX y 0l XEE v52 - §1 131017
- Xy X L° X " - apLyInsip
81 33 6 Lt € ,0LX'6 o OLX UL 0L X 2°L 992 - 612 ldinsip
£2 52 81 0z € o 01XZ2  O0LXIh | 0LX§2 8sL - OEL
5L~ 82 £ € e %orxzs  Forxoe 0L X g1 91z - I8l punstp
51- 21 9L st £l 0l X0l 0L X9 0L X 8¢ 1oL - S8
1 0¢ 62 62 e %olx z  Torxi c0L X 21 W2t L ek
5 81 [ 0L X 1L OLx 9 oL X 621 - 201
€L 2€ o 6 € %orxezt forxot  Touxee £0Z - vLL prnsip
oL 8l 51 91 [ 0LX6S  Louxie 01X 92 szl - 101
b 3 o6 of 0 ‘LoLxez oL x gl 0L X z°¢ 0z - 9/l
s2¢ g€l Y 90L .01 X L' ouxge  folxge 862 - £82 st
8 - .l pl £l 2L OLXLE o OLXES , 0LX68 26 - 08
6 - 92 62 82 z 'Lorxor Ooux gy oL X 65 00z - 191 .
09 29 o 0 9 Solxz 'z oL X8 LLE - §L2 Piinsip
oL 82 OLX6¢ oLx sy oL X 9°¢ 88l - 85l
Ly LS AN £ Soixgs 9 UL ol x vt LLE - €22 PuLnsip
(plow e)  (j.lowex) oog ooz Mool Nooe 02 %00t ()L 31n23 o
e e (| lou E: (s)s

30I4INSIA TAHLHAYN-9-10
404 OI70S Q3ISSIUAW0D SY ONV ‘SIDTHLYW INIUALSATO4 MI SIMIITON IT0SINVOIHLOYOTHO-d OGNV 30I4TINSIA ¥O4 SLINSIY SISATYNY ONI¥AI €-AI 318Vl



139

e~ L 12 91 el o01-0t ¥ 2°S g-0L X ¥°€ (-0l X 8°§ LIl ~ 06 ajostueotyy

74 iy ve 9¢ 6¢ (oL X £l ¢-o— X 0°8 g0l X 0°t vz - 602 -0J40[y)-d

. 3pL3LNSLP

€6- vl 44 €e be g-0L X ¥°¢ . 0Lx68 (-0l X £°6 622 - v61 1Ay3ydeu-g-1q

3pLILNSLD

. {1 Auayd

L8 ¥4 Nw 2§ 19 o-o_. X 1'¢ 0L m_.o— Xq'y 162 - 852 0J43u~-g)sig

¥ 3pLI{NS

55 09 b 0§ 55 g-0L X ¥°L 0°2 g0l X §°2 £0€ - §92 -1p LALO1-¥

apLyLns

~1p LAuaydLp

- £ oy 6€ ‘8¢ g-0L X 81 -0l X 9y L X6 182 - 6£2 outwerQ,p*y

({-Low Tu £) :Ls_ ™) %00¢ %002 %00t %0O€E %002 %001 (N1 aLnovLon

Iy 3w ( .ton o1y ov ()2

***panuijuod  €-AI 374Vl



140

3pLLNSIP LAyIauLg Joy 398017 sA ao3oey ssoy opu3osisig Mo._,uoE -1 914
a
(2104 P@
S v £
\X & 4
NES| 7 o Vv
) 7 €S9 .
tph @ g
AT6El @ S
) A8 7 ~
3 D
N/ /4 ‘\
D D <\
Y q
\ % : |
- D e
-.\_ e -
-~ )
TN v~ 9 o
’ “\‘ 4 Ml\l \/




l, (k
0.005 0.0055 # ( )-_o._ﬂ% T 0.0065
T L T
F..
-
Eyring plot of 1oq}Tr) Vs %-for dimethyl
— disulfide in a polystyrene matrix. The
vertical bars represent 95% confidence
intervals on log(Tt) values.
10

Fig V- 3



CHAPTER V

ESTER GROUP AND/OR MOLECULAR RELAXATION OF

SOME AROMATIC ESTERS
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INTRODUCTION

Considerable interest has been shown by chemists in
the behaviour of the ester group on aromatic 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,

2 suggested that the dipole moments

Smyth,] and Krishna and Upadhyay
of aromatic esters give no evidence of interaction between the
polar group and the aromatic ring. Guryanova and Grishko3 stated
that free rotation about the CAr’""C bond was unlikely because
of the presence of n electrons at CAr and CO2 carbon atoms,

4 stated that the "effective" conformation

Le Fevre and Sundaram
appeared to be that in which maximum m-electron overiap or con-
jugation between the benzene ring and the carbonyl group occurred
with the C = 0 atoms in the plane of the ring,and this corresponded

to a potential energy minimum.

An increase in the electric dipole moments of a series
of alkyl benzoates over the corresponding alkyl acetates was
interpreted by Pinkus and Ellenﬁ in terms of conjugative interaction
with the phenyl ring supplying electrons to the electron-deficient

carbonyl carbon,
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Hasan gL_gl.6’7 made dielectric¢ measurements in some
monocarboxylic esters in the liquid state, They 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. It was proposed that in the methyl- and
ethyl benzoates, (PH:::.@ —_O0R)® the 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—— OR linkage. Further§ these workers
extended the dielectric studies in the microwave region to the
case of propyl and butyl benzoates, finding no group rotation
in these molecules. This supports the hypothesis of these workers

(Hasan et gl,)6'7 in the cases of methyl- and ethyl benzoates.

A dipole moment study of benzyl benzoate, 2-naphthy]l
benzoate, and o-hydroxybenzyl benzoate in benzene solution by

2

Krishna and Upadhyay”~ gave values for the energy barriers (AHE)

of 8.3 kd mo1~), 8.2 kd mol™), and 8.8 kJ mo1™!

; respectively,

and relaxation times (<) of 7.0 ps, 6.69 ps, and 8.5 ps,
respectively. From the comparatively small values of AHE and T,
these workers proposed a possibility of restricted rotation of the
-OR group in these molecules about the position of minimum potential

energy.
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Krishna'gg_gl.g made a dielectric study of methyl-p-

nitrobenzoate, meth&l-m-nitrobehzoate, ethyl-m-nitrobenzoate,

ethyl-o0-nitrobenzoate and methyl-o-aminobenzoate in benzene

solution at 303K. They reported barrier heights (AHp) as 9.6 kJ mo]‘])

9.2 kd mol”) 1

, 10.0 kJ mo1™', 8.4 kd mo1™', and 9.2 kd mo17',
respectively. From the comparison of obsérved and theoretically
calculated electric dipole moment values, they proposed the
absence of intramolecular rotation in these esters except for
methyl- and ethyl-m-nitrobenzoates. Thus, the relaxation time
in these esters was ascribed to overall rotation of the molecule
in the solvent.

10

Grindley, Katritzky and Topsom -~ have estimated the

energy barriers to rotation about the Cpp-C bond to be 22.2 kJ mol'] and
24,7 kd mol~1 for the COoMe and CO,Et groups in methyl benzoate and

ethyl benzoate, repsectively; they assumed the strain energy to be zero.
In view of the foregoing review of the literature, information about
the experimental determination of energy barrier to ester group

rotation in alkyl benzoates is lacking so far. Therefore,the

present dielectric relaxation study of various aromatic esters and

some related compounds in polystyrene matrices was initiated, since

it seemed that determination and interpretation of the dielectric

relaxation parameters might throw some light on theintramolecular rota-

tion in aromatic esters, This procedure offered the possibility of separat-

ing the group relaxation contribution from the molecular relaxation.
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EXPERIMENTAL RESULTS

The dielectric measurements for several aromatic esters
in polystyrene matrices have been made over suitable ranges of
temperature and fregquency using the General Radio capacitance bridge,
and in one case by using the Hewlett-Packard Q-meter, as described
in Chapter II. The present study includes the investigation of
dimethyl terephthalate, dimethyl 2,6-naphthalenedicarboxylate,
methyl benzoate, ethyl benzoate, ethyl-p-nitro-, ethyl-p-amino-,
ethyl-m-amino-, ethyl-p-(N,N-dimethyl amino)-, ethyl-p-fluoro-,
ethyl-p-chloro-, ethyl-p-cyanobenzoates, ethyl cinnamate, ethyl-p-
nitro cinnamate, ethyl-2-furoate, ethyl-5-norbornene-2-carboxylate,
ethylindole-2-carboxylate, and polymethyl methacrylate in a poly-
styrene matrix. A sample plot of loss factor (e" = ¢"(obs) -
e"(p.s)) against logarithm (freq) is shown in Figure V-1 for

dimethylterephthalate.

The samples used in the experiments were commercial

products (Aldrich Chemical Company) and were dried appropriately

prior to use.

The Fuoss-Kirkwood analysis parameters for several

aromatic esters and some related ester molecules at various
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temperatures are listed in Table V-1. Table V-2 shows the
values of 'AHE' and 'ASE' evaluated from dielectric data as well
as 'AGE' and 't' values, calculated from these analyses at

150K, 200K, and 300K.
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DISCUSSION

The good straight 1ine plots of logTt against T']
(for example, Figure V-2 for dimethyl terephthalate) have
yielded enthalpies of activation (AHE) for dimethyl terephthalate

of 32 kJ mol”)

and for dimethyl 2,6-naphthalenedicarboxylate of

35 kd mo]'l, respectively, in polystyrene matrices. Thus, these
two esters exhibited dielectric absorptions in similar ranges of
temperature and frequency, yielding AHE values in good agreement,

well within our estimate of experimental error.

For the cases of ‘dimethyl terephthalate and dimethyl

2,6-naphthalenedicarboxylate, in the absence of stable polar (e.g.,
cis) forms over the period of measurement, the components of the
dipole moments of the two substituent estér:groups along the long axis

of the molecule are equal and opposite, therefore cancelling out one

another. In this case only the components of the dipole moments
perpendicular to this axis may contribute to the re]axatioﬁvmechanism.
If, though, a stable cis form existed in sufficient concentration then
this could contribute to the dielectric absorption. However, a stable
cis form would imply a high energy barrier opposing group relaxation,
probably considerably higher than that estimated10 for ester group

rotation.
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It is profitable to note that the relaxation times for

the slightly smaller p-bromoethylbenzene molecule in a polystyrene
. _ . _ -4 _ -7
respectively) were longer by a factor of m]02 than that of the cor-

3 s; 2.4 x 107° s; and 2.5 x 1072 S,

responding values of 2 x 10~
respectively, for dimethyl terephthalate. This would not be
expected if the process were molecular relaxation in_each case.
However, there is no doubt that in p-bromoethylbenzene the process
is that of molecular relaxation. The fact that both diméthy]l
terephthalate and dimethyl 2,6-naphthalenedicarboxylate have about
the same values of enthalpy of activation rules out their both

being attributed to molecular relaxation, since the latter

molecule is appreciably larger in size. Thus, it would have a
considerably larger enthalpy of activation than the dimethyl
terephthalate for a molecular relaxation process. In addition, it
can be seen (Table V-2) that, for dimethyl 2,6-naphthalene-
dicarboxylate, the temperature region in which absorption occurs,
and the relaxation times. at 150K, 200K, and 300K are similar to
those observed for dimethyl terephthalate. This close similarity

of the results for dimethyl 2,6-naphthalenedicarboxylate and dimethyl
terephthalate in polystyrene bears out that the same relax-

ation process (i.e., ester group relaxation) has been observed

in both the molecules.
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There may also be a possibility of methoxy group
relaxation in dimethyl terephthalate. This possibilify can be
ruled out by considering the results for 2,6-dimethox}naphtha1ene
(Table V-2), a molecule appreciably larger in size where the
component of the supstituent group moments along the long axis
of the molecule can?e] out one another. Thus,only methoxy
group rotation is résponsib]e for the dielectric absorptionywhich
was observed at a very low temperature (i.e., 91 - 108K) and

yielded an activation enthalpy of 11 kJ mo1” ).

This value is
considerably smaller than that of 32 kJ mo1~! obtained in
dimethyl terephthalate. However, it should be noted that the
value of activation enthalpy, sHp = 32 kJ m01'1, for dimethyl
terephthalate in a polystyrene matrix is consistent with the
activation enthalpies of 29.3 kJ mol']fzsgnd 29 kJ mol™} (26),

for aldehyde and acetyl group relaxations in terephthaldehyde and
1,4-diacetylbenzene in polystyrene matrices, respectively, where

all three types have a keto group linked to a phenyl group. Therefore,
from the above considerations, it appears that the most 1ikely source
of dielectric absorption for dimethyl terephthalate in a polystyrene
matrix is due to the rotation of the ester group. An enthaipy of
activation ~32 kJ mo1~1 may serve as a standard for ester group re-

laxation in an aromatic ester where no enhanced conjugation occurs.

Methyl benzoate and ethyl benzoate showed absorptions
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in the same temperagure range as did dimethyl terephthalate and
dimethyl 2,6—naphth&lenedicarboxylate for the given frequency
range. They yie1ded enthalpies of activation of 31 kJ moT'] and
33 kd mol'1, respectively. However, it is noteworthy that Tay

16 employing techniques similar to those of this work,

et al.,
were able to observe only the group relaxation process in 2,6-
dinitro- and 2,6-dinitro-p-methyl phenols. Similarly; Davies

and Swainll

examined ten flexible molecules in polystyrene matrix,

finding that only two showed a molecular relaxation process,

whereas the intramolecular relaxation was observed in each case.

There would appear to be two possible sources of dielectric

absorption in these aromatic esters, one béing the group and the

other molecular relaxation. For molecular relaxation the enthalpy

of activation (AHE) tends to increase, and the relaxation time

(t) tends to become longer, as molecular size is increased (cf:

Chapter III). Since the molecules of methyl benzoate, ethyl benzoate,
dimethyl terephthalate, and dimethyl 2,6-naphthalenedicarboxylate

differ: appreciably in size, one would expect the values of these

parameters to differ, if these four molecules exhibit the same

molecular relaxation process. However, values of AH., and T at 200K

for these ester molecules were 31 kJ'mo1'1and 3.3x 1076 5; 33 kI mol'] and
3.6 x 1078 53 32 kd mo1™) and 2.4 x 106 s; and 35 kJ mo1=1 and 3.6 x 107%,

respectively. The close similarity in AHE and t values for methyl-
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and ethyl benzoates with those of dimethyl terephthalate and
dimethyl 2,6-naphthalenedicarboxylate favours ester group
relaxation in the former molecules as observed in the latter
molecules. In addition, the free energies of activation
(AGE) at 200K for methyl benzoate, 27 kJ mol | and for

L were found to be in good agreement

ethyl benzoate, 27 kJ mol”
with those of 27 kJ mol™! and 27 kJ mol~), respectively,
for dimethyl terephthalate and dimethyl 2,6-naphthalene-
dicarboxylate. In the latter molecules the process has

been ascribed to ester group relaxation. It may also be seen
(Table V-2), that the values of entropy of activation (ASE)

for these four ester molecules lie in the range 27 9 g K-! mo]'].

Further, the calculation of H, (the component of the
substituent ester group dipole moment along the long axis of the
molecule) anduL (the component of the dipd]e moment perpendicular
to this axis, responsible for group relaxation) has been made for

methyl benzoate. The details of which are shown below.

In methyl benzoate (a monosubstituted benzene molecule
whose resultant moment is not along a symmetry axis), if it is

assumed for the moment that the ester group is free to rotate,
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then the dipole moment of molecule can be resolved into two components.
One 1is  along thencarbon-1-————carbon-4 axis 1, ), and the

other is parallel to the carbon-2————carbon-6 axis (ny ) perpen-
dicular to the former. The latter component ("L ) will govern the
group relaxation process, while the former, u, will govern relaxa-

tion of the whole molecule.

' %
M ,/CH5
(Figure V-3). The weight factor (Cy)

]
o 0
\'/
_' for the group process will be proportional

1 to “1.2’ while (Cy) for the molecular
. A process will a w 2. It is to be noted
A that the weight factors 'C,' and 'C;'
: depend on the angle of inclination, 6,
.

that is the angle of the ester group
Fig X-3 moment to the long ¢ — Cy axis. The

weight factors 'C]' and 'C2' are represented as:

2 2
C:-.EIL____ and C:..___HL___.
Vo2, 2 2 2, .2

n, B . n

where u =u sin 6 and u =y cos 6, and thus C] + C2 = 1.
4 Vs
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For methyl benzoate the angle, 6, subtended by the

C — Cij; grbup moment to the major axis of the ring
~~0-CHj,

was taken as 690 14',]8 and the ester group moment as 1.83 D.]g

With the help of the above equations the values of H, and uy

are found to be 0.65 D and 1.71 D,respectively. The calculation
produced a mo]ecu]ar weighting factor, C] = 0.13 and a group

weighting factor C, = 0.87. This suggested that there may be a Tittle
contribution from molecular relaxation. It may also be noted

that the extrapolated value of the observed dipole moment at 300K
(“extpd? 1.5 D) for methyl benzoate is in reasonable agreement
with the perpendicular component (gl =1.71 D).

There was no indication of any other dielectric
absorption corresponding to a molecular relaxation in methyl- and
ethyl benzoates, although a detailed and careful measurement over
the entire temperature range of 80 - 350K was made. Therefore,it
appears that either the molecular absorption occurred within a
temperature region similar to that of the group process and with a
similar energy barrier, so that both the molecular and group processes
overlapped, or that the small magnitude of the weight factor for

the molecular process (C] = 0.13) resulted in an absorption too
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small to be detected. The former possibility may be ruled

out by comparing th; enthalpy of activation for methyl benzoate

(AHE = 31 kJ mo]']) with the values of activation enthalpy for a
slightly smaller rigid molecule, iodobenzene (cf: Chapter III) (aH =
16 kJ mo]'l),’and’with an approximately sfmilar sized rigid molecule,
a,a,a-trichlorotolqene (AHE = 20 kJ mo]'l).20 In the latter

molecules the process is only that of molecular relaxation.

Thus, all the above considerations seem to ihdicate
that predominantly ester group relaxation contributes to the

dielectric absorption of methyl- and ethyl benzoates.

Ethyl cinnamate (a molecule where the ester group
is not directly attached to the benzene ring) in polystyrene
exhibited two distinctly separate regions of dielectric absorption,
One is in the temperature range of 159 - 188K covering a 109, ofax
range of 2.8 - 4.4, and the other is in the temperature range of
286 - 311K covering a logy,f .. range of 2.7 - 4.2 (Table V-2).
It is to be noted that the low temperature dielectric absorption
for ethyl cinnamate was measured in the same temperature range
as that for dimethyl terephthalate for the given frequency

-1

range. This yielded an activation enthalpy of 30 kJ mo1™" and an

activation entropy of 22 J K'1 mol’l, comparable to the values of
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1

' - _ 13
. = 32 kd mol”! and aSp = 27 J K mo1~! for dimethyl terephthalate,

E
where the process is most 1ikely an ester group relaxation. For

this Tow temperature dielectric absorption, there may also be a
possibility of an intramolecular process around the CAf"_"__Caliph bond.
However, a further comparison of the similar relaxation times and

free energies of activation at 200K for ethy1 cinnamate and

dimethyl terephthalate, which are 1.5 x 10'6 s and 26 kJ mo]'],

and 2.4 x 1070 s, and 27 kJd mo]'], respectively, suggests

ester group relaxation as the source of the low temperature absorption

in ethyl cinnamate.

An activation enthalpy of 91 kJ mo]'] and an activation

L was found for the high temperature absorp-

entropy of 143 J K~
tion of ethyl cinnamate. These may be attributed to a molecular
relaxation process, as the observed activation entropy, ASE = 143
3 K mor”!
caled” 1289 K
-72 + 2.2 MHp (kJ mo]']) (cf: Chapter III) corresponding to a molecular

sagrees well within experimental accuracy with that of

AS 1

mo1~) obtained from the relation: ASc(d K] mol']) =
relaxation process. Moreover, the extrapolation of the observed dipole
moment at 288K for the low temperature process gives uy, o= 1.23 D,
whereas for the high temperature process the extrapolated value

of observed dipole moment at 288K isQ” = 1.19 D. Thus, the
resultant dipole moment /{1.2F + (1.19)Z = 1.71 D,which is in
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]7'for a benzene

good agreement with the Titerature value of 1.79 D
solution at 288K. Such good agreement suggests that: the component

dipole moments so obtained are reasonably reliable.

Ethyl Hrnitrocinnamate also shpws two regions of
dielectric absorption. The high temperatufe absorption for
ethyl p-nitrocinnamate was found at a rg]atively higher temperature
range than that for ethyl cinnamate. The former molecule yields
considerably higher values of activation enthalpy, AHp = 105 kJ mo1”!
and activation entropy, ASE = 154 J K"1 mo]"1 in comparison with

1 mo]'l,

the corresponding values of 91 kJ mol~1 and 143 J K
respectively, obtained for the molecular relaxation process in

the latter. This would seem reasonable since one would expect

for the former molecule that the enthalpy of activation, AHE,

and entropy of activation, ASE, would be greater owing to the in-
sertion of a p-nitro substituent in ethyl cinnamate if both molecules
exhibit the same molecular relaxation process. The experimental
activation entropy of ASp = 154 ¢ KL mo1™? further supports the
view that molecular relaxation has been observed for the high
temperature absorption of ethyl p-nitrocinnamate. This is evident

from the magnitude of activation entropy, AS = 159 g K’l mo]‘l,

calcd
calculated from the relation (cf: Chapter III) for a molecular re-

laxation process, which is in excellent agreement with that of the
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observed value.

For the low temperature process of ethyl p-nitro-
cinnamate, there may be a possibility of either intramolecular
relaxation around Cj . -—'Ca]iph bond or an intramolecular re-

laxation of the ester group.

In the former case one should expect a higher energy
barrier to intramolecular rotation than that of the ester group
rotation (AHE n32 kJ mol']) owing to the larger size of rotatable

1

unit. However, a lower activation enthalpy of 28 kJ mol” ' and

1 mo]“JL were found for this low

an activation entropy of 9 J K~
temperature process of ethyl p-nitrocinnamate. These may be
compared with the corresponding values of 32 kJ mol"1 and

27 J K'lmol'] obtained for the ester group relaxation in dimethyl
terephthalate. The apparently lower values of AHE and ASE in the
former molecule may be accounted for by the presence of an electron
withdrawing p-nitro group which is known to pull the charge towards
itself. The -M effect may influence the energy barrier to group
rotation, resulting in a slight decrease of thg value of activation
enthalpy for ester group relaxation in the former molecule compared
to that of the latter. Nevertheless, it is noteworthy (Table V-2)

that the temperature range of absorption (~180K), the relaxation
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time, 7 = 1.9 x 10'6

s, and the free energy of activation, AGE =
26 kd mo1'],,at 200K for the low temperature process of ethyl
p-nitrocinnamate are in good agreement with the corresponding
values for dimethyl terephthalate. Here the temperature range
of absorption is ~1B0K, and the values of r and AG; at 200K

6 and 27 kJ mo1'1, respectively, for ester

are 2.4 x 10~
group relaxation. Hence, these results suggest that ester group
relaxation contributes to the low temperature dielectric absorption

of ethyl-p-nitrocinnamate.

Ethyl-p-(N,N-dimethylamino)-benzoate in polystyrene
exhibits two distinctly separate dielectric absorptions. The
enthalpy and entropy of activation for the high temperature process

U and 152 9 K1 mo17!
4

of this molecule was found to be 97 kJ mol~
respectively. The values of relaxation time, t = 1.5 x 107" s and
free energy of activation, AGE = 52 kd mo]'1 at 300K for

ethyl-p(N,N-dimethylamino)-benzoate may be compared with the values

3 1 at 300K for a slightly

of £ = 1.2 x 107" s and aG = 57 kJ mol~
larger rigid molecule, p-iodobiphenyl (cf: Chapter III), where the

process is only a molecular relaxation. Thus, when it is borne in mind that
the large positive entropy of activation, typical for a molecular relaxation

process as observed in p-halobiphenyls (cf: Chapter III), the
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1

respective values of, AHE = 32 kd mol” ' and ASE =27 J kY mor?

obtained for ester group relaxation in dimethyl terephthalate.

Nevertheless, it is noteworthy (Table V-2) that the relaxation time,

c=2.6x10"%

1

s and free energy of activation, AGE = 35
kd mol~' at 200K for the former molecule are considerably greater
than those of © = 2.4 x 10°® s and AG = ?27 kd mo]'], respectively,
at 200K for the latter molecule. Thus, the increased values of

T and AGE for the former may be explained by the increased conjuga-
tion. It is to be noted (Table V-1) that the experimental dipole
moment at 200K (~0.84 D) for the low temperature process of
ethyl-p-(N,N-dimethylamino)-benzoate agrees well with the corres-
ponding value of ~0.97 D-at 200K, typical for ester group relaxation,
in dimethyl terephthalate. Therefore it appears that the most
Tikely source of the low temperature dielectric absorption for

ethyl-p-(N,N-dimethylamino)-benzoate was to be attributed to the

rotation of the ester group.

In contrast to ethyl-p-(N,N-dimethylamino)-benzoate,
ethyl-p~amino- and ethyl-p-nitrobenzoates exhibited only single
dielectric absorptions in polystyrene matrices in the same tempera-
ture region (~290K) for the given frequency range, This yielded acti-

=1 and 73 kJ mo1~! and activation

1

vation enthalpies of 76 kJ mol

-1

entropies of 110 J K> mo1™! and 95 9 KL mo171, vespectively. It
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may be seen (Table V-2) that both the aHp and aSg for these
molecules are significantly larger than the corresponding values
for ester group relaxation in dimethyl terephthalate. Taking
into consideration the -M effect of the p-nitro group in ethyl-p-
nitrobenzoate, one might expect a lTower activation enthalpy for
ester group relaxation in this molecule than that of dimethyl
terephthalate (aHp = 32 kJ mo]"]). On the other hand, owing

to the +M effect of the p-amino group in ethyl-p-aminobenzoate,
an increase in activation enthalpy for ester group relaxation
would be expected. Nevertheless, the enthalpies of activation for
ethyl-p-nitro- and ethyl-p-aminobenzoates were found to be the
same within the 1imits of experimental accuracy. Further, the
values of relaxation time and free energy of activation at 300K
(Table V-2) for the former molecule were comparable with those
of the latter. This would seem reasonable as both the molecules

are faitrly similar in size.

Hence, all the above considerations lead to the
conclusion that the molecular relaxation contributes to the dielectric
absorption of both the molecules. Further, the calculated values
of activation entropy for ethyl-p-nitrobenzoate (aS 89

g k!

caled ~

mo1'1) and ethyl-p-aminobenzoate (AS =95 k1 mo]"l),

calcd
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from the relation given earlier in the discussion for a molecular
relaxation,seem to be in good agreement with the observed values

= -1
of Asobsd =95 g K

mo1~! and Asobsd = 110 J K} mo]'l, respectively,
for these molecules. This observation gives additional support
to the above interpretation for a molecular relaxation process for

both the molecules.

In ethyl-m-aminobenzoate only one dielectric absorption
measured from 240 - 264K was found. It was characterized by a low value of
the distribution parameter (g8 = 0.12 - 0.16) and by an activation
enthalpy of AHE.= 78 kJ mo1~'. The values of relaxation time
and free energy of activation at 200K for ethyl-m-amino benzoate
(Table V-2) were found to be significantly larger than those for
ester group relaxation in dimethyl terephthalate, whereas they
seem closer to those for ethyl-p-aminobenzoate. It should be
noted that the magnitudes of AHE and ASg for this molecule fit precise-
ly in thé relation mentioned earlier for a molecularrre]axat{on
process within experimental error. Thus, evidence here seems in

support of a molecular process for ethyl-m-aminobenzoate.

It is to be expected that placing in the para-position
an electron withdrawing substituent such as the cyano group in

ethyl benzoate would Tower the energy barrier for ester group
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relaxation. However, for ethyl-p-cyanobenzoate only one dielectric
absorption was found. This was observed in the same frequency and
temperature range as for ethyl-p-nitro- and ethyl-p-aminobenzoates,
yielding an activation enthaIpy,AHE = .78 kJ mo]']. This is about
the same as obtained in the latter molecules within our limits

of experimental accuracy. It may be noted (Table V-2) that the
values of relaxatioﬁttime and free energy of activation at 300K,
and the entropy of activation for ethyl-p-cyanobenzoate were found
to be close to the corresponding values for ethyl-p-nitro-,

and ethyl-p-aminobenzoates, where the process is 1ikely ane of
molecular relaxation. Further, it is notable that the weight factor
for the molecular process is found to be C] = 0.80, whereas for
the group process, 02 = 0.20 (These werezcalculated on the basis
of the ester group moment, of ~1.83 D,]9 a cyano group moment of

19 and assuming an angle of 'o' of 69° 14' 18 petween the ester

4,05 D,
group dipole moment direction and the major axis of the ring).

This indicates that the molecular weight factor is large enough

to obscure the group process and hence makes it undetectable.
Therefore, the above considerations favour the assignment of a
molecular relaxation process to the dielectric absorption of ethyl-

p-cyanobenzoate.

Ethyl-p-fluorobenzoate exhibited only a single absorption
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in the polystyrene matrix, giving an activétion enthalpy of 43
kd mol1™! and an act{vation entropy of 36 J K1 mo1-l. 1t is

important to note (Table V-2) that the temperature region of

absorption, enthalpy of activation, relaxation time,and free

energy of activation at 200K were all found to be higher for
ethyI-p-f]uorobenzohte than corresponding values for dimethyl
terephthalate. This would not be expected if the former molecule

also shows the same ester group relaxation which was the main

relaxation mechanism for the latter molecule. The ethyl-p-
fluorobenzoate molecule is comparable in size to that of the

rigid molecule p-iodotoluene (cf: Chapter III). It may be noted that the
values of activation enthalpy of 43 kd mo]"1 and an activation entropy

1 mo]"1 obtained for the former molecule are in agreement

of 36 J K~
with the values of aHp = 42 kJ mo1~! and ASp = 33‘JK'] mo]'],
respectively for molecular relaxation in the latter molecule.
Further, the magnitudes of the relaxation time and the free energy
of activation at 200K for the former molecule agree well with
those of the respective values for the Tatter molecule. In
additon, the absorption occurs in the same temperature region for
both the molecules. It is noteworthy (Table V-2 ) also that the
enthalpy of activation and free energy of activation (200K) appear

to increase with increasing size of the molecule, that is, in

the order of ethyl-p-fluoro-, ethy]-pfamino-, and ethyl-p-(N,N-
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dimethylamino)-benzcates. Therefore,the above considerations
seem more in favouriof a molecular relaxation process for the
dielectric absorption of ethyl-p-fluorobenzoate., However, a
contribution from ester group relaxation may not be completely

ruled out.

Ethyl-p-ch]orobenzoate in polystyrene shows a
dielectric absorption in the temperature range of 153 to 199K
covering a log]ofmax range of 2.7 to 4.8, and yielding an activation
enthalpy of 24 kJ mo]'] and an activation entropy of -17 ¢ K"1 mol'l.
It is not clear whether this absorption is due solely to a group
relaxation or to an.overlap of both group and molecular relaxation

processes.

For ethyl-p-chlorobenzoate, one should expect a

higher activation enthalpy because of its larger size in comparison
with that of ethyl-p-fluorobenzoate, if both molecules exhibit

the same molecular relaxation process. However, the enthalpy of
activation for the former molecule was 19 kJ mo1™} smaller than
that for the latter molecule. This would not be expected if the
process were molecular relaxation in each case. It is, however,
profitable to note (Figure V-4) that for ethyl-p-chlorobenzoate,
there is a divergence in the Eyring plot at temperatures below

174K, which might be described by two straight lines of limiting
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slopes to account fdr an overlapped absorption due to the group

and whole molecular relaxation processes.

The dielectric datayat a lower temperature range of
153 to 174K, yield an activation enthalpy of 11 kd mol~\. The
assignment of ‘'this Tower temperature dielectric relaxation to a
group rotation would seem reasonable, 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 aromatic benzene ring and the
ester group. This would in turn lower the enthalpy of activation
for ester group relaxation owing to the decreased double bond
character of this bond. This observation is supported by the

21

results of Miller et al.,” who, by employing far infrared

techniques, evaluated the energy barriers, VZ’ for aldehyde
group relaxation in benzaldehyde, p-fluoro-, p-chloro-, and

p-bromobenzaldehydes in the vapor and liquid phases. The respective

1

values are 19.5, 15.0, 11.8, and 9.9 kJ mo1~ ', while for the

1
J

respectively. This shows a decrease in the energy barrier, V2,

pure liquids they are 28.0, 21.9, 19.2, and 15.6 kJ mol~

in the order H > F > c£ > Br. These workers suggested that
para-substituents can influence the barrier height only through

electronic interactions,
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The analysis of the dielectric data for ethyl-p-
chlorobenzoate at a higher temperature range of 174 - 199K

1

has yielded an activation enthalpy of 39 kJ mol~ ' and an activa-

1 mo1L.  This may be attributed to an

tion entropy of 61 J K~
overlap of both groyp and molecular re]axa}ion processes with
the latter predominating in this temperature region. Further,
dielectric measureménts for this molecule were also made on

the Q-meter, yielding activation enthany and entropy values of
39 kJ mol~! and 52 J KL mo17!, respectively. They may be
considered to be'the same, within the accuracy of measurements,

as those obtained from the higher temperaturg,G. R. bridge data.

For ethyl-p-chlorobenzoate, the weight factor for the
group process is C2 = 0.77, whereas for the molecular process,
C, = 0.23 (calculation of weight based on the group moments of

1 _
ester, un1.83 D]3 19

and of chlorine, up_, = 1.58 D," and the

angle of inclination 'e' of 69° 14',]8 which the ester group

makes with the major axis). Thus the group relaxation contribution
would be expected to be greater than the molecular process

contribution to the dielectric absorption of this molecule.

From the foregoing arguments for ethyl-p-chloro-

benzoate, it would appear that mainly ester group relaxation con-
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tributes to the absorption at a lower temperature range (below 174K)
whereas both group and molecular relaxations produce overlapping

absorptions at temperatures higher than 174K.

In order to study an ester groyp attached to a polymer
backbone, polymethyl methacrylate was measured in a polystyrene
matrix. The purpose was to investigate the activation enthalpy
for ester group relaxation in an aliphatic system, One should
expect the AHp for such motion to be less than that in aromatic
systems, because of the conjugative interaction and other
factors in the latter case. There may be two relaxation candi-
dates in this molecule, one being the methoxy group relaxation
and the other ester group relaxation. However, only one dielectric
absorption at very low temperature was found for this molecules this was
characterized by larger values of the distribution parameter
(gn0.3), a Tow enthalpy of activation, AHE = 4 kdJ mo]'l, and a large neg-

ative entropy of activation, aSp = -100 J kK1 mo171.

The magnitude of the enthalpy of activation, AHE’= 4

kdJ mc];l for this molecule would seem reasonable on comparison with

L for methoxy group rotation

20

the corresponding value of 11 kJ mol~
in an aromatic system, 2,6-dimethoxynaphthalene,” in a polystyrene
matrix. In contrast, it is notable (Table V-2) that the relaxation

time and free energy of activation at 150K for the former compound



169

are significantly greater than the corresponding values of the

latter molecule. Thhs it seems difficult to distinguish clearly

the mechanism of the dielectric absorption for polymethyl methacrylate
in a polystyrene matrix. It would appear equally probable that

either methoxy or ester group relaxation (pr both) could account

for the absorption 4in this case.

For ethyl-5-norbornene-2-carboxylate, in which the
dipole relaxation may occur by either or both the rotation of
the group and that of the molecule as a whole., Only a single
dielectric absorption measured from 90 - 115K was observed,

1 ! mo]’l. Molecular relaxa-

yielding aHp = 15 kJ mol”~ " and ASg = =34 K™
tion as a possibility may be considered by comparison with the
results for 5-norbornene-2—carbonitri1e25 (Table V-2), a rigid
molecule of slightly smaller size, It absorbs at a higher
temperature range of 117 - 149K, with a considerably longer
relaxation time, T150K = 4.9 x 10'6 s, greater free energy of
activation, AG]SOK =21 kJ mo]'} and greater enthalpy of

], than the respective values of

15 kJ mo]'L and AH

activation, sHp = 23 kJ mol~

8 1

=6.2x 107" s, AG = 15 kd mol~

T150K 150K ~ E
obtained for ethyl-5-norbornene-2-carboxylate. This would not
seem reasonable if the process were molecular relaxation in each

case. However, it should be noted (Table V-2) that the temperature
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region,relaxation time,and free energy of activation at 150K,
and the activation ehtha]py for this molecule are in good
correspondence with those of 91 - 108K, tygq, = 1.0 x 1077 s,
AG]50K = 16 kJ mol'], and AHp = 11 kJ mo]'], respectively,
for methoxy group relaxation in 2,6-d1‘methpxynaphthalene20 in
polystyrene. This close similarity to the results of both

the molecules suggests that ethoxy group relaxation contributes

to the dielectric absorption of ethyl-5-norbornene~2-carboxylate.

Some values of the activation enthalpy for aldehyde
group relaxation in heterocyclic aromatic systems are: furan~2-carb-
aldehyde, s = 46 kJ mol™',%%; thiophen-2-carbaldehyde,

Mg = 44 kJ mol™! (cf: Chapter VI); and N-methylpyrrole-2-carb-
aldehyde, AHE = 53 kJ mo]'] (cf: Chapter VI), all in polystyrene
matrices. These-are considerably greater than that of AHE = 29.3
kd mo]'] in the simple aromatic system terephtha]dehyde23 in
polystyrene. Such differences may be attributed mainly to the
increased double bond character of the bond connecting the ring
and the aldehyde group in furan-, thiophen-, and N-methylpyrrole-
2-carbaldehydes as a result of the increased conjugation in the
heterocyclic rings.24 Therefore one may also expect an increased

activation enthalpy for ester group relaxation in ethyl indole-2-

carboxylate compared to the value in dimethyl terephthalate,
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since in the former, the ester group is directly attached to

an heterocyclic ring. However, ethyl indole-2-carboxylate

in polystyrene, in which the possibility of either or both the-
group and molecular relaxation as a whole exists, exhibited a
sjng]e dielectric absorption in the temperature range of

273 - 304K, It yielded significantly larger values of activation

1

enthalpy, aHg = 62 kJ mol”™" and activation entropy, ASg = 62

J K“lmol']. These may be compared to the corresponding values

1 1

of AH. = 32 kJ mol™ ' and ASE== 27J K~ mo]'] for ester group relaxa-

E
tion in dimethyl terephthalate. It is possible that the intramolecular
process is responsible in the ethyl indole-2-carboxylate and that the in-
crement in the AHE & ASE values may be attributed to enhanced conjugation.
The experimental dipole moments (0.97-_1.19 D) support the view that ester
group relaxation may contribute to the absorption of ethyl indole-2-
carboxylate. This is evident from the extrapolated dipole moment at

300K (~1.18 D) which is of the same order of magnitude as the extrapo-
lated dipole moment at 3Q0K (+1.48 D), typical for ester group relaxa-

tion in dimethyl terephthalate.

On the other hand , it may be seen that the enthalpy
of activation, AHg = 62 kJ mo]“], the relaxation time, v = 1.9 s,
and the free energy of activation, AGE = 49 kJ mo'l"1 at 200K for
ethyl indole-2-carboxylate are comparable with the corresponding

values of AHL = 54 kJ mo]'], t=1.1x 10'] s, and AGp = 45 kJ'mol'1
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at 200K for a similarly sized rigid molecule, 2-cyanonaphtha1ene,13

where the process can only be molecular relaxation. Further, the

observed activation entropy of Asexp =62 J K1 mo1-1 for this

molecule is in remarkably good agreement within experimental error,
with the value of AS ;4 = 64 J K- mo1=!, which was calculated

from the relation (¢f: Chapter III) which holds for a molecular
relaxation process., It seems feasible that an overlap of group

and molecular relaxations are responsible for the dielectric absorption

of ethyl indole-2-carboxylate.

The last molecule for which the data are given in Table V-2
is ethyl-2-furoate. For this molecule a single dielectric absorption
from 211 - 246K was observed, having AHp = 44 kJ mol-! and ASp =

44 9 K'] mol1-1, 1t is seen (Table V-2) that this absorption was
characterized by a significantly large Fuoss-Kirkwood distribution

parameter (gv0.3), which is suggestive of an intramolecular relaxation

process.11 It should be noted that the activation enthalpy of 38 kJ

mo]f] for acetyl group rotation and an activation enthalpy of 43 kJ

mo]‘l for aldehyde group rotation have been found in 2-acetyl 1’u1r'an]4

15

and 2-furan aldehyde. Thus, in the 1ight of these data for acetyl

group and for aldehyde group relaxations, it seems reasonable to

attribute the present value of AHE = 44 kJ mo]'] in ethyl-2-furoate
to ester group relaxation. Moreover, the molecular process for this
small molecule would be expected to occur at a much lower temperature

and have a much smaller AHE.
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A]togethe% from the foregoing discussion, the conclusion

may be drawn that the origin of the dielectric absorption of

dimethyl terephthalate and dimethyl 2,6-naphthalenedicarboxylate

in poTystyrene matrices is ester group relaxation around 180K

with an activation enthalpy of ~32 kJ mol”].

The relaxation time and enthalpy data also suggest at
least an appreciable contribution from eéster group relaxation to the

dielectric data in methyl- and ethyl benzoates.

Both ester group and molecular relaxation processes appear
to contribute to the dielectric absorption of ethyl cinnamate, ethyl-
p-nitrocinnamate, and ethyl-p-(N,N-dimethylamino)-benzoate. For

ethyl-p-chlorobenzoate, it seems probable that an overlap of both group

and molecular relaxation processes have been observed. The ethyl-p-
fluoro-, ethyl-p-amino-, ethyl-m-amino-, ethyl-p-nitro-, and ethyl-p-

cyano benzoates each seem to show a molecular process.

Both methoxy and ester group relaxation seem equally probable

as the source of the dielectric absorption of polymethyl methacrylate.

It seems likely that ethoxy group relaxation contributes to the

absorption of ethyl-5-norbornene-2-carboxylate. The overlap of both

ester group and molecular relaxation seems to have been observed in
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ethyl indole-2-carboxylate, Increased conjugation in ethyl-2-furoate

might have yielded in increased value of agtivation enthalpy for

ester group relaxation,

In general it would seem that much further work is necessary
on aromatic esters containing substituentg of electron-donating
and electron-withdrawing characteristics jn order to investigate the
conjugative and inquctive influence on the energy barrier to ester

group relaxation.
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TABLE V-1 TABULATED SUMMARY OF FUOSS-KIRKWOOD ANALYSIS PARAMETERS
AND EFFECTIVE DIPOLE MOMENTS FOR AROMATIC ESTERS AND SOME

RELATED COMPOUNDS IN POLYSTYRENE MATRICES AT A VARIETY OF

TEMPERATURES
6 £ ,

T(K) 107(s) Togf o x E- 107" oy £ u(D)

0.43M Dimethyl terephthalate
163.3 196.7 2.91 0.16 5. 2.59 0.799
167.5 137.1 3.06 0.16 6.1 2.59 0.839
173.0 64.9 3.39 0.15 6.4 2.58 0.888
177.5 32.7 3.69 0.14 6.6 2.58 0.959
179.8 22.4 3.85 0.14 6.7 2.58 0.967
187.4 7.89 4.30 0.15 7.2 2.57 0.989
194 .4 4.04 4.60 0.17 7.7 2.57 0.987
201.6 2.23 4.85 0.19 8.1 2.57 0.972

0.44M Dimethyl-2,6-naphthalenedicarboxylate
170.8 192.0 2.92 0.14 1.9 2.64 0.497
174.0 113.4 3.15 0.15 1.9 2.64 0.486
176.6 61.0 3.42 0.16 2.0 2.64 0.480
183.9 19.1 3.92 0.19 2.1 2.64 0.467
191.5 6.16 4.41 0.20 2.3 2.63 0.474
199.4 3.37 4.67 0.23 2.4 2.63 0.463
213.4 1.35 5.07 0.29 2.6 2.62 0.448

0.59M Methylbenzoate
165.3 175.7 2.96 0.20 13.5 2.61 0.932
170.6 102.5 3.19 0.19 14.0 2.60 0.977
174.7 60.7 3.42 0.19 14.5 2.60 1.00
179.7 29.7 3.73 0.19 15.0 2.59 1.03
184.6 16.9 3.97 0.20 15.6 2.59 1.04
189.4 10.20 4.19 0.20 16.1 2.59 1.05
194.0 5.56 4.46 0.21 16.6 2.59 1.07
205.1 2.00 .90 0.23 17.8 2.58 1.10

0.59M Ethylbenzoate
171.3 121.9 3.12 0.18 10.5 2.68 0.858
175.4 57.9 3.44 0.17 11.1 2.67 0.908
180.4 32.9 3.68 0.17 11.7 2.66 0.961
193.6 7.88 4.31 0.17 13.0 2.65 1.05
198.2 3.94 4.61 0.17 13.8 2.64 1.09
203.0 2.67 4.77 0.18 14.3 2.65 1.09
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Togf B
—2 Max —
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3“
107e max

0.56M Ethylcinnamate
High Temperature Absorption

2.
3.
3.
3.
3.
4.

79 0.16
05 0.17
34 0.16
59 0.17
87 0.18
23 0.17

10.2
10.4

Low Temperature Absorption

2.
3.
3.
3.
4.
4.
4.

0.39M Ethyl-p-nitrocinnamate
High Temperature Absorption -

89 0.21
16 0.22
43 0.21
80 0.19
01 0.21
33 0.20
46 0.21

2.87 0.25 "32.2
2.97 0.24 33.3
3.1 0.24 34.4
3.22 0.23 35.7
3.41 0.23 37.8
3.57 0.22 41.0
Low Temperature Absorption
3.05 0.21 2.9
3.54 0.23 3.0
3.80 0.22 3.0
4.07 0.22 3.1
4.82 0.26 3.6

NN N
L] L] *
(=)
(=,

RN
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.67
.67
.66
.66
.66
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.65
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.606
.620
.657
712
.696
737
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.497
.504
.527
.545
.558
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TABLE V-1 continued...

6 3 .
T(K) 107 <(s) logfmax 8 107" o € u(D)

——— ettt ——e — — e a—— ———

0.45M Ethyl-p-(N,N-dimethylamino)-benzoate
High Temperature Absorption

298.2 177.6 2.95 0.18 29,2 2.56 2.16
302.8 108.1 3.17 0.18 29 9 2.55 2.19
307.6 60.3 3.42 0.19 31,0 2.54 2.24
312.3 33.1 3.68 0.18 32.2 2.53 2.32
317.2 17.3 3.96 0.18 33.8 2.52 2.39
321.9 9.39 4.23 0.18 3.8 2.51 2.52
Low Temperature Absorption
202.5 170.8 2.97 0.23 8.3 2.64 0.848
204 .4 148.4 3.03 0.23 8.4 2.64 0.849
209.9 112.4 3.15 0.21 8.8 2.64 0.927
215.2 87.9 3.26 0.19 9.3 2.63 1.00
219.6 52.3 3.48 0.20 9.5 2.63 1.03
224 .9 41.5 3.58 0.16 10.0 2.61 1.18
232.3 17.2 3.97 0.17 10.6 2.61 1.20
240.2 8.59 4.27 0.15 11.3 2.59 1.32
0.49M Ethyl-p-aminobenzoate
269 203.4 2.89 0.13 24.4 2.62 2.1
273.6 119.7 3.12 0.13 25.5 2.63 2.12
278.5 57.7 3.44 0.14 26.6 2.63 2.10
288.3 18.9 3.92 0.16 29.2 2.63 2.10
295.5 8.54 4.27 0.17 30.8 2.63 2.17
300.9 5.05 4.50 0.17 32.2 2.63 2.19
0.47M Ethyl-p-nitrobenzoate
270.7 263.6 2.78 0.22 42.2 2.60 2.18
277 .4 112.3 3.15 0.22 44.3 2.59 2.25
282.4 71.6 3.35 0.21 45.8 2.57 2.37
288.7 34.9 3.66 0.21 47 .6 2.55 2.48
295.6 16.4 3.99 0.22 49.8 2.55 2.52
300.5 9.77 4.21 0.21 51.2 2.53 2.59 .
306.2 5.05 4.50 0.21 53.1 2.52 2.67
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TABLE V-1 continued...

~6 3.
T(K) ]0.1(5) logfmax E‘ 107 max

0.52M Ethyl-m-aminobénzoate

240.9 245.0 2.81 0.13 16.3
244 .4 152.1 3.02 0.14 16,7
248.7 92.2 3.24 0.14 17.2
254.3 30.4 3.72 0.13 17.8
259.1 13.7 4.07 0.13 18.3
264.2 8.32 4.28 0.16 19.3

0.51M Ethyl-p-cyanobenzoate

l (y]
8

NN N
. . L] L] o -
et ool ad v ek ad
e o o s s e

NN N
e & e o o o
. L] . . . .

276.0 418.7 2.58 0.23 39.3
280.3 250.7 2.80 0.23 40.5
287.8 111.6 3.15 0.22 42.7
294.0 54.1 3.47 0.21 44.3
299.8 27.0 3.77 0.21 46.2
302.7 18.3 3.94 0.21 47.5
L 0.53M Ethyl-p-fluorobenzoate
210.0 103.0 3.19 0.11 7.9
215.9 63.8 3.40 0.1 8.3
219.7 50.5 3.50 0.13 8.6
224.5 27 .1 3.77 0.10 8.8
229.5 11.9 4.13 0.09 9.2
239.3 4.04 4.60 0.11 10.0
249 .4 2.59 4.79 0.12 10.8

NN N
. » L] L] . L] .
[ R [ R R S p—
L] . . LB .‘. L]
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TABLE V-1  continued...

6 3 .

T(K) 1071(s) 1°%fmax E_ 10 X o u(D)

0.49M Ethyl1-p-chlorobenzoate
152.8 297 .4 2.73 0.19 3.4 2.60 0.508
156 .0 280.4 2.75 0.18 3.6 2.60 0.540
159.3 197.1 2.91 0.17 3.7 2.60 0.565
163.0 174.3 2.96 0.16 3.9 2.59 0.603
169.5 127.5 3.10 0.15 4.0 2.57 0.649
173.7 91.9 3.24 0.14 4.1 2.56 0.687
179.0 40.9 3.59 0.14 4.4 2.56 0.739
183.7 19.4 3.91 0.1 4.6 2.55 0.836
188.4 10.7 4.17 0.1 4.8 2.55 0.872
193.7 5.90 4.43 0.17 5.2 2.56 0.745
198.9 2.38 4.82 0.13 5.4 2.54 0.892
213.4 .0:.811 5.29 0.25 5.8 - -
223.1 0.585 5.43 0.19 5.9 - -
229.2 1.0.274 5.76 0.24 6.2 - -
234.0 0.195 5.91 0.19 6.5 - -
237.7 0.130 6.09 0.22 7.0 - -
241.4 0.102 6.19 0.20 7.1 - -
246 .4 0.071 6.35 0.20 7.5 - -

Polymethyl methacrylate
93.7 21.4 3.87 0.28 2.5 2.58 -
96.9 13.5 4.07 0.31 2.7 2.58 -
105.8 6.36 4.40 0.28 2.6 2.58 -
110.9 5.65 4.45 0.29 2.6 2.58. -
115.5 5.57 4.46 0.29 2.5 2.59 -
120.6 4.48 4.51 0.31 2.5 2.59 -

0.54M Ethyl-5-norbornene-2-carboxylate
89.5 303.0 2.72 0.19 6.6 2.59 0.515
94.7 101.9 3.19 0.17 7.0 2.59 0.566
99.4 37.0 3.63 0.18 7.3 2.59 0.583
105.0 12.0 4.12 0.19 7.8 2.59 0.596
107.2 9.14 4.24 0.21 7.8 2.59 0.588
114.5 3.52 4.65 0.25 8.5 2.59 0.580
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TABLE V-1 continued...

T(K) 1061(5) logf . 8 103e"max €, n (D)

Smme———— ey e s — —————————— —

0.45M Ethyl indole-2-carboxylate

273.0 63.2 3.40 0.21 6.8 2.52 0.968
278.2 40.2 3.60 0.20 7,1 2.51 1.03
282.8 26.2 3.78 0.20 7,4 2.51 1.06
292.7 10.0 4.20 0.20 8.1 2.50 1.12
298.0 5.89 4.43 0.19 8.5 2.49 1.18
303.6 3.91 4.61 0.20 8.9 2.48 1.19
0.57M Ethyl-2-furoate

210.7 103.5 3.19 0.26 19.3 2.1 1.09
215.8 56.5 3.45 0.25 19.6 2.7 1.12
220.8 30.9 3.Nn 0.26 19.9 2.7 1.13
225 .6 18.5 3.93 0.26 20.3 2.71 1.15
230.5 10.9 4.17 0.26 20.4 2.7 1.16
236.0 5.62 4.45 0.25 20.6 2.70 1.22
245.5 2.62 4.78 0.28 20.8 2.7 1.17
NQTE :

A blank space (-) indicates that the information was not available
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Ra V-2

Eyring plot of 1og]0 (Tt) vs %-for dimethyl. terephthalate in:a polystyrene
matrix. The vertical bars represent 95% confidence intervals on log (Tt)
values.
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Eyring plot of 1og]O(Tr) - vs.%-for ethyl-
p-chlorobenzoate in a polystyrene matrix.
The vertical bars represent 95% confidence

intervals on log(Tt) values.



CHAPTER VI
RELAXATION PROCESS OF SOME HETEROCYCLIC ALDEHYDES
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INTRODUCTION

Considerable attention has been given to the evaluation
of the energy barrier to aldehyde group rotation around a C-C single

2

, NS
bond between sp” type hybridized carbon at?ms (:;c —-—-C;;).

An u1tr§sonic relaxation study has been reported by

1,2

de Groot and Lamb for unsymmetrical rotational barriers in

acrolein and a few related unsaturated aldehydes.

N. m.r. techniques have been used by Anet
and Ahmad to estimate the free energy of activation for the
symmetrical rotational barriers in benzaldehyde and two para-

substituted benzaldehyde der“ivatives3 in solution.
The five-membered heteroaromatic aldehydes have
also received some attention in the literature. In five-membered

heterocyclic aldehydes, a resonance structure of the kind (Fig. VI-1)

has often been invoked to explain their chemical properties. From

0
/
N = @-

Fie Vi-1
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a resonance energy point of view a planar form of the molecule

would be favoured and this would lead to two rotational isomers

(Fig. VI-2).
:x-/\ Ne?? Q e
\H N

isomer | isomer 1|

Fiei V-2

(X0—-tans) (X0-cis)

0f particular interest was furan-2-carbaldehyde which has been
studied by different workers using different techniques.

In an earlier investigation by de Groot and Lamb,]’4
it has been shown that an ultrasonic relaxation in liquid furan-
and thiophen-2-carbaldehydes can be attributed to a perturbation
of the equilibrium between the rotational isomers. Later, the
technique of u]trasonic relaxation was used by Pethrick and
Wyn-—Jones5 to study the rotational barriers in furan- and

thiophen-2-carbaldehydes. They reported the values of 46 kJ mol1™1

and 43 kJ mo1'l respectively for the energy barrier for the cis

to trans isomerization in these two molecules.

Karabatsos and Vane's n.m.r. study6 in solution led to

the result that the furan-2-carbaldehyde exists completely in the
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00 - cis form.

The n.m.r. study of the internal rotation in furan-2-
carbaldehyde has been reported by Dahlqvist and Forsen.7 Their
work has yielded an activation enthalpy, AHI; , of 44.7 kJ mo]']
for aldehyde group rotation around the C - C bond that is adjacent
to the carbonyl bond. They also suggested that conjugative inter-
action between the furan ring and the 2-substituent aldehyde group

is expected to favour the planar form of furan-2-carbaldehyde.

In addition to the above kinetic studies, the barrier
to internal rotation in gaseous furan-2-carbaldehyde has also been
derived from microwave spectroscopy8 and far infrared spectroscopy?.

These barriers were calculated from torsional frequencies and

their respective values are, V2 = 36.2,8 and V, = 29.69 kJd mo]’l;

Nuclear magnetic resonance spectroscopy has been

10 to determine the barrier to internal

applied by Arlinger et al.
rotation in N-methyl pyrrole-2-carbaldehyde. These workers have
reported the enthalpy of activation as 49.7 kJ mo]'] for aldehyde
group rotation in this molecule. It is assumed in this study that
the molecule exists in two essentially planar isomeric forms, since
the conjugative interaction between the ring and the aldehyde group

will favour a planar structure, They also suggested that the steric
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interactions betweeq the CHO- group and the ring are small, but

there may be some deviation from exact planarity.

In addition, despite several attempts, these workers
were unable to observe any sign of intramqjecu]ar motion in the spectra
of thiophen-2-carbaldehyde at temperatures down to -115%, Their
interpretation sug%ested that either the rotational barrier is very
low (less than about 33.4 kJ mol-]) or fhe two rotational isomers

in this molecule have very unequal populations.

However, for the pyrrole series, the influence of the
nature of an alkyl substituent on the nitrogen atom has been

reported11

by a study of the rotational barriers of the corresponding
2-aldehydes. A rotational barrier for N-t-butyl pyrrole-3-

carbaldehyde has also been reponr*tedl2 recently.

Farnier and Dr'akenberg13 studied ethyl-5-formyl-pyrrole-2-
carboxylate and pyrrole 2,5-dicarbaldehyde, by using the n.m.r. technique,
to examine the effect of substituents on the aldehyde torsional

barrier. They reported the enthalpy of activation as AH*I = 41.8

kdJ mo]'] and the free energy of activation as AF*I = 39.9 kJ mo]"]

for the former molecule, while for the latter molecule only the

1

free energy of activation as 38.5 kJ mol™ ' has been reported.
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Howeveﬁ, taking into consideration the statement

‘9 that, pyrrole-2-carbaldehyde behaves

of Arlinger et al,
analogously to its N-methyl derivative, and that

N-substitution has little effect on the free energy,

These workergugssqud that the free energy of activation, AF*l,.

for pyrrole-2-carbaldehyde is ca. 46.0 kJ mo1~1.

It seems from the preceding 1iterature references that
these studies have been performed on a restricted number of carbonyl
derivatives and no five-membered heterocyclic aldehyde has to our
knowledge been investigated so far by using the dielectric absorption
technique. Moreover, it is evident that the conjugation has a
great deal of effect on the energy barrier for internal rotation in
conjugated systems. The purpose of the present investigation is
two-fold. 1In the first place,to elucidate the role of heteroaromatic
nuclei by examining some heterocyclic aldehydes at Tow concentrations
in a polystyrene matrix, using the dielectric absorption technique,
where the means existed of determining the energy barriers to intra-
molecular and/or molecular rotation of aldehyde derivatives of five-
membered heterocycles. In the second place, to examine qualitatively
the effect of conjugation on the barriers to internal rotation in
these heterocyclic aldehydes. Thus, the present investigation
includes the dielectric absorption study of the following carbaldehydes
of thiophen-, N-methyl pyrrole-, 5-bromo thiophen-, 5-methyl

thiophen-, and 5-methyl furan-2- in a polystyrene matrix.
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EXPERIMENTAL RESULTS.

The samples of heterocyclic aldehyde used in this
work were obtained from Aldrich Chemical Company. They were of high

purity and were distilled prior to use.

A sample plot of loss factor {e" = €"(obs) - " (poly-
styrene)} against logarithm (frequency) for thiophen-2-carbaldehyde

is shown in Fig. VI-3.

Table VI-1 1ists the Fuoss-Kirkwood parameters and
the effective dipole moments at various temperatures for some
heterocyclic aldehydes. Table VI-2 collects the activation
energy parameters, and the extrapolated relaxation time at 150K,

200K, and 300K for the systems listed in Table vI-1.
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DISCUSSION

The present investigation of heterocyclic aldehydes
did not include a study of furan-2-carbaldehyde, as it has recently

been measured by a ;o-worker.]4

At the beginning of the discussion it seems necessary
to point out that our dielectric absorption technique determines
the values of AGE and AHg for the activation process from the less
stable form to fhe more stable form. In addition, recently Walker

etal.'

has shown a close agreement among dielectric, ultrasonic,
and n.m.r. techniques in the evaluation of the enthalpy of activation
value for an intramolecular motion corresponding to the switch

from the isomer with the higher energy to that of the lower.

The first molecule studied in this series, for which
data are given in Tables VI-1 and VI-2, is thiophen-2-carbaldehyde,
showing two regions of absorption. The high temperature absorption

1

yielded an activation enthalpy of 44 kJ mol”~ ' and an activation

1 mol'l. Previous ultrasonic study5 assumed that

entropy of -7 J K~
the trans-isomer is the more stable isomer in thiophen-2-carbaldehyde,
It yielded an activation enthalpy of 43 kd mol™' (SO - cis —»

SO- trans isomerization) to internal rotation of the aldehyde group

around the C - C bond adjacent to the carbonyl bond. Thus,
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the present value of activation enthalpy of 44 kJ mo]'1 for
the high temperature process of thiophen-2-carbaldehyde is in
excellent agreement with the corresponding value of 43 kJ mol'1

obtained from the ultrasonic data.5

This reveals that the
aldehyde group relaxation contributes to the high temperature

process of thiophen-2-carbaldehyde.

It is to be noted (Table yI-1 ) that for this process the
observed value of the dipole moment decreases with the rise of
temperature, Also an appreciable difference is found between

the extrapolated value of observed dipole moment at 300K

(

(o 17
values also supportsthe interpretation of aldehyde group relaxation.

u = 1.17 D) and the observed value in benzene solution
extpd

= 3.55 D at 303K).]7 This observation of dipole moment

A low temperature dielectric absorption measured in

the range of 127 - 162K was found, This yielded an activation enthalpy

1

of 20 kJ mo]'] and an activation entropy of -14 J K~ mo]'l, which

may be attributed to a molecular relaxation process in comparison

1 1

with the corresponding values of 16 kd mol ' and 1 g K~ ;mo]"1

for a rigid molecule of fairly similar shape and about the same

size, o-dichloro benzene in a polystyrene matlr‘ix,]5 where the process

is only molecular relaxation.
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5-Methyl1-2-furan carbaldehyde shows two sets of
dielectric absorption. The values of enthalpy of activation,

1‘mol"l, for the high

50 kJ mo]'l and entropy of activation 25, J K~
temperature process of 5-methyl-2-furan carbaldehyde are found
to be larger than that of the correspOndiqg values of 45.6 kJ mo]']
and 11.0 K mo1'], obtained for a]dehydé group relaxation in

14 1, addition,

furan-2-carbaldehyde in a polystyrene matrix.
the free energy of activation, AGp (200K) = 45 kJ mo]'l for the
former also seems to be larger than the corresponding value df
43 kJ mol'1 for the latter. The higher value of activation
enthalpy for the former molecule than that of the latter may be
accounted as due to the presence of methyl group at C-5. |

This exerts a small +M and +I effect that donates electrons to

the conjugated system, thus increasing the double bond character
of the C - C bond that is adjacent to the carbonyl bond,

Hence,as a result of increased conjugation,a slightly higher value
of enthalpy of activation for aldehyde group relaxation for
5-methy1-2-furan carbaldehyde would be expected.

This is also in agreement with some results that have been obtained

3 that "para substitution by a group with

for the benzene series
an electron donating mesomeric effect results in an increase in
the rotational barrier". The 5-substituted furan-z-carba1dehydes

are seen to be structural analogues of para-substituted benzaldehydes,
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Thus, the presence of an electron-donating substituent would be
expected to enhance the rotational barrier, as appears in 5-

methy1-2-furan carbaldehyde. The assignment of an activation

1

enthalpy of 50 kJ mol ' to the aldehyde group relaxation in this

high temperature absorption appears to be consistent with the
observation of a decrease in dipole moment values with the rise

of temperature.

A low temperature dielectric absorption measured from

181 - 208K was found, producing ahg = 36 kd mo1™" and as; = 27 9 K1

mol']. The Tow value of distribution parameter (g = ~0.2) was
found for this low temperature absorption, This is similar to

that observed by Davies and Swan‘n]5 for a molecular relaxation process.

1

Comparison of the enthalpy of activation, AHE = 36 kJ mol ', and

30 kJ mol™) for the

the free energy of activation, AGE (200K)
Tow temperature process of 5-methyl-2-furan carbaldehyde would seem
reasonable with the corresponding values of 29 kJ mo]'] and 30

kd mol'l respectively, for a rigid molecule fairly similar in

shape and a little larger in size, m-diiodobenzen‘e..l6 Here the
process can only be that of molecular relaxation. Therefore, it seems

most 1ikely that the low temperature dielectric absorption of

5-methy1-2-furan carbaldehyde is a molecular relaxation process.
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It appears in 5-methyl-2-furan carbaldehyde that the
substitution of methyl group at C - 5 results in a higher value
of enthalpy of activation for aldehyde group relaxation in
comparison with the corresponding value for aldehyde group relaxation
in the unsubstituted molecule, furan-2-carbaldehyde. Similarly,
one might also expect a relatively higher energy barrier for
aldehyde group relaxation in 5-methyl-2-thiophen carbaldehyde than
that of the corresponding value in thiophen-2-carbaldehyde. However,
5-methy1-2-thiophen carbaldehyde shows a single dielectric absorption.
It yielded a considerably smaller value of activation enthalpy,

tHg = 32 kJ mol”y than that of aH = 44 kJ mol™

obtained for the
aldehyde group relaxation in thiophen-2-carbaldehyde, This would
not seem reasonable to be coupled with an aldehyde group relaxation
in the former molecule. Nevertheless, it is to be noted that the
temperature range of absorption, the g value, the t and AGE values
at 200K, and the_AHE value for 5-methyl-2-thiophen carbaldehyde
are all close to the corresponding values for the low temperature

absorption of 5-methyl-2-furan carbaldehyde, where the process is

most likely one of molecular relaxation.

A single dielectric absorption measured over the temperature
range of 186 - 218K was found in 5-bromo-2-thiophen carbaldehyde,
having a value of enthalpy of activation of AHE = 38 kJ mol'l. It is
not clear from the value of activation enthalpy alone for this molecule
whether the relaxation process is group or molecular or an overlap of

both group and molecular.
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The increasing sequence of the free energy of
activation, AGp» (200K) of 23, 30, and 32 kJ mo]'1 and relaxation

time, t, (200K) of 2.3 x 107/ 5 5

» 2.1 x 1077, and 5.6 x 107° s for

the thiophen-2-carbaldehyde, 5-methyl-2-furan carbaldehyde, and
5-bromo-2-thiophen garbaldehyde could be explained by a molecular
relaxation process.v The larger molecule would be needed to sweep
out a larger vo]umq which could in turn lead to its experiencing

a greater resistance from the surrounding polystyrene medium.
However, it is not feasible from the data to establish whether there

is also a contribution from the intramolecular process as well.

The last molecule studied in the heterocyclic aldehyde
series was N-methyl pyrrole-2-carbaldehyde, which has shown two
regions of absorption. For the high temperature absorption, an
activation enthalpy of 53 kJ mo]"1 was obtained. It is in good
agreement with the corresponding value of 49.7 kJ mo]'1 found for
aldehyde group relaxation in N-methyl pyrrole-2-carbaldehyde, using the

10 gt may be noted that the enthalpy of activation,

n.m.r. technique.
AHE = 53 kJ mo]'l, for a high temperature process in N-methyl pyrrole-
2-carbaldehyde is comparatively higher than those of aH. = 44 kd mol ™
and AHE==45.6kJ mo1"1,14 found for aldehyde group relaxation in thiophen-
and furan-2-carbaldehydes. This difference in AHE values may be
attributed to increased electronic interactionin the former molecule

between the CHO group and the ring. As in the former molecule,

the methyl group is expected to direct electrons to the aromatic pyrrole
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ring. Thus,it would increase the electron density of the ring,

which would in turn facilitate the carbonyl group to attract
electrons from the ring. This would lead to an increased conjugation
in the bond connecting the ring and the aldehyde group in N-methyl
pyrrole-2-carbaldehyde in comparison with ;he unsubstituted hetero-
cyclic aldehydes, such as thiophen- and furan-2-carbaldehydes.

Hence, a higher value of AHE for aldehyde group relaxation in the

former molecule than that of the Tatter molecules results.

It is apparent from Table VI-2 that the temperature range,
the 't' and 'AGE' values at 200K, and the 'AHE' value for a high
temperature process of N-methyl pyrrole-2-carbaldehyde are in good
agreement with the corresponding values for a high temperature process
of 5-methyl-2-furan carbaldehyde. It is also to be noted that for both
molecules, the observed dipole moment values decrease with the rise
of temperature. Thus, the most reasonable interpretation of our
data is that aldehyde group relaxation occurs for the high temperature

process of N—méthyl pyrrole-2-carbaldehyde.

A low temperature dielectric absorption was found in the
temperature range of 124-146K, having an activation enthalpy of 19 kJ
mo1~! and an activation entropy of -9 J k1 mo]'l, and may be attribut-
ed to a molecular relaxation process. It can be seen (Table VI-2),

that the values of relaxation time and free energy of activation at
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150K for the low temperature absorption of N-methyl pyrrole-2-
carbaldehyde are in égreement with the corresponding values for

the low temperature absorption of thiophen-2-carbaldehyde, where

the procéss is molecular relaxation. Hence, this close similarity

to the results seems to give support for tpe molecular relaxation
process in N-methyl pyrro]e-z-carbaldehydé; Furthermore, for the

low temperature process, the observed dipole moment values increase
with the rise of temperature. The extrapolated value of observed dipole

moment at 300K (u = 2.2 D) tends to the value observed in

extpd
benzene solution at 298K (“LIT = 2,77 D),17 as opposed to the be-
haviour of the high temperature process. Thus, this consideration
of dipole moment values for a Tow temperature process also adds
support to the above interpretation of molecular relaxation in

N-methyl-pyrrole-2-carbaldehyde.

Altogether, the relaxation time and enthalpy data favour
an aldehyde group relaxation in thiophen-2-carbaldehyde, 5-methyl-2-furan
carbaldehye, and N-methyl pyrrole -2-carbaldehyde for the higher
temperature process. Further, molecular relaxation also appears to have
been observed in thege molecules completely separated from the

group process.
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For the:case of 5-methyl-2-thigphen carbaldehyde it
is probable that molecular process contributes to the absorption of
this molecule. The more likely interpretation from the experimental
result of 5-bromo-2-thiophen carbaldehyde js that both the group and

molecular processes overlap.

The activation enthalpy of 50 kJ mol-1 for 5-methyl-2-
furan carbaldehyde is found to be higher than that of the corresponding
value of 45.6 kJ moT'l,14 for aldehyde group relaxation in furan-
2-carbaldehyde. The increased AHE can be explained by the increased
conjugation in the heterocyclic ring due to the presence of methyl
group at C-5 in the former molecule. Similarly it is probable that
the increased conjugation in N-methyl pyrrole-2-carbaldehyde has
yielded a relatively higher enthalpy of activation, AHE = 53 kd mo'l"1
for the aldehyde group relaxation in comparison with the corresponding
values of 44 kdJ mol'1 and 45.6 kJ mo1'1,14 for aldehyde group relaxation

in thiophen- and furan-2-carbaldehydes.

The present value of activation enthalpy of 44 kJ mo’l"1

5

agrees well with the ultrasonic value” of 43 kJ mo]'1 for aldehyde

group relaxation in thiophen-2-carbaldehyde. In addition, our value

of AHE = 53 kd mo]'1 is within experimenta]‘error in agreement with

10 1

the n.m.r. value " of 49.7 kdJ mol™~ for the barrier to aldehyde group -

rotation in N-methyl pyrrole-2-carbaldehyde.
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TABLE VI-1  TABULATED SUMMARY OF FUOSS-KIRKWOOD ANALYSIS PARAMETERS
’ AND EFFECTIVE DIPOLE MOMENTS FOR SOME HETEROCYCLIC
ALDEHYDES IN POLYSTYRENE MATRICES.

6_¢. 3w :
0 108(s)  legh B 10, e, (D)

———

0.77M Thiophen-2-carbaldehyde

284.8 52.7 3.480 0.12 15.8 2.95 1.35
290.2 33.9 3.671 0.13 15.3 2.95 1.31
299.7 18.5 3.935 0.17 14.6 2.97 1.13
304.3 15.0 4.025 0.18 14.4 2.98 1.09
307.6 11.5 4.142 0.18 14.2 2.97 1.09
310.4 9.81 4.209 0.19 14.0 2.98 1.08
312.7 8.89 4.252 0.19 13.9 2.98 1.07
Low Temperature Absorption
126.9 355.8 2.650 0.18 26.9 2.68 1.02
130.8 235.3 2.830 0.18 28.2 2.67 1.07
136.3 98.4 3.208 0.19 30.1 2.67 1.10
141.9 46.1 3.538 0.19 31.8 2.68 1.12
146.7 26.5 3.779 0.20 33.1 2.67 1.16
152.1 14.2 4.049 0.20 34.3 2.67 1.19
156.7 8.30 4,282 0.20 35.5 2.67 1.23
162.2 4.68 4.530 0.20 3.7 2.67 1.26
0.75M 5-Methy1-2-furan carbaldehyde
High Temperature Absorption
263.3 67.5 3.372 0.35 57.2 3.02 1.44
268.3 51.6 3.489 0.39 55.5 3.05 1.36
273.0 31.2 3.707 0.37 53.6 3.04 1.39
277 .9 20.5 3.891 0.38 52.4 3.05 1.36
295.1 5.61 4,452 0.38 46.8 3.06 1.33
302.6 3.23 4.692 0.38 43.5 -3.06 1.31
Low Temperature Absorption
180.6 200.7 2.899 0.19 31.0 2.67 1.28
183.3 156.8 3.006 0.18 32.4 2.67 1.34
187.8 104.1 3.184 0.18 34.3 2.66 1.40
192.7 55.3 3.459 0.18 3.8 2.64 1.50
197.5 28.9 3.741 0.17 39.2 2.62 1.60
202.3 16.1 3.994 0.16 41.7 2.61 1.69
207.5 8.19 4.288 0.15 44.3 2.58 1.82
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TABLE VI-1  continued....

6
T(K) 107 t(s) 109fhax E' 10%e max €, n(D)

0.60M 5-Methy1-2-thiophen carbaldehyde

169.4 252.4 2.799 0.19 47.7 2.67 1.58
175.7 120.9 3.119 0.19 43.9 2.66 1.67
179.6 76.4 3.318 0.19 45.4 2.65 1.7
185.2 37.4 3.628 0.20 47.7 2.65 1.76
189.5 22.6 3.848 0.19 49.3 2.63 1.82
194.8 13.2 4,082 0.19 -51.3 2.63 1.88
199.5 7.77 4,311 0.19 52.8 2.61 1.94
204.8 4.32 4.566 0.19 54.5 2.60. 2.03
0.44M 5-Bromo-2-thiophen carbaldehyde
186.4 285.8 2.745 0.15 21.4 2.67 1.63
190.1 207.5 2.884 0.14 21.9 2.67 1.67
198.5 75.5 3.324 0.14 23.2 2.65 1.81
204 .4 32.2 3.693 0.14 24.5 2.65 1.86
213.8 11.4 4.145 0.17 26.0 2.67 1.80
217.9 7.83 4,308 0.17 26.5 2.67 1.79
0.73M N-Methylpyrrole-2-carbaldehyde
High Temperature Absorption
260.3 105.0 3.180 0.21 18.2 2.89 1.11
265.4 55.9 3.454 0.21 17.9 2.89 1.12
269.9 38.3 3.618 0.21 17.4 2.89 1.10
279.3 15.4 4.014 0.23 16.8 2.89 1.06
284.5 9.84 4.208 0.23 16.6 2.89 1.05
289.2 6.74 4.373 0.24 16.0 2.87 1.04
300.0 3.73 4.630 0.24 15.1 2.87 1.02
Low Temperature Absorption
123.7 179.3 2.948 0.16 14.0 2.69 0.807
128.2 85.6 3.269 0.15 14.7 2.68 0.846
132.4 45.9 3.539 0.16 15.4 2.68 0.872
137.6 23.6 3.828  0.16 16.5 2.68 0.908
142.3 12.5 4.105 0.16 17.2 2.68 0.956
146.3 8.23 4,286 0.16 17.9 2.68 0.980
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0,06" 0.0015 0.0®

Fic !_‘_—4 Eyring plot of 10910(T1) Vs %— for Thiophen-2-

carbaldehyde in a polystyrene matrix. The vertical
bars represent 95% confidence intervals on log(Tt)
values.



CHAPTER VII
DIELECTRIC RELAXATION OF SOME UNSATURATED AND
SATURATED ALDEHYDES
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INTRODUCTION

The present investigation is part of a continuation of our

programme (cf: Chapter VI) which studies the barriers due to hindered
rotation around carpon — carbon single bgnds in molecules containing
the = é ———-é = system. There are comparatively few investigations
reported in the literatureﬁfor systems of this nature: some of the

literature references have already been given in Chapter V],

A preliminary investigation to study the unsymmetrical rotation-

al barriers in acrolein and a few related unsaturated aldehydes has

been made by de Groot and Lamb ' who used ultrasonic relaxation technique.
These workers demonstrated the effect of conjugation on the barrier

for internal rotation of the formyl groups in the seriess acrylaldehyde,
crotonaldehyde, and cinnamaldehyde. The successive increase in the
barrier for this series (acrylaldehyde,aH*,; = 20.7 kJ mo1™!,
crotonaldehyde, AH*ZI = 23.0 kJ mo]'], and cinnamaldehyde, AH*Z] =

23.5 kJ mol'], respectively) was attributed to the increase in bond

order of the C — C bond around which rotation occurs. This increase

in conjugation was thought to be mainly because of the increased electron-

donating properties of the substituent 1in the trans position of the

g carbon atom (CGHG > CHy > H).

Later, the technique of ultrasonic relaxation was used by

Pethrick and Wyn-Jones2 to study the barriers to internal rotation
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of the aldehyde group in several unsaturate¢ aldehydes. These

workers suggested that the trend of increasfng barrier with con-
Jjugation does not occur in the corresponding series, a-methyl acrolein,
a,8-dimethyl acrolein, and o-methyl cinnamaldehyde, and the methy]l
group in the a-position has some additiona} effect on the barrier

in this series. However, it seems that the degree of double bond
character in the C — C bond adjacent to the carbonyl group plays an
important role in determining the rotational barriers in systems of
this nature. This can also be qualitatively illustrated if we compare
the rotational barriers for aldehyde group relaxation in the above
molecules with those obtained in furan-z-carbaldehyde3
and thiophen-2-carbaldehyde (cf: Chapter VI) of 45 kJ mo]']. This
difference in rotational barriers may be attributed to the increased
double bond character of the C—C bond in the -C—C—CHO group of the latter

molecules as a result of the increased conjugation of the group with

the heterocyclic rings.

The rotational barriers in butadiene and styrene have been
calculated from infrared spectroscopic and thermodynamic data.4’5
Nuclear magnetic resonance has been applied by Anet and Ahmad6 to estimate
the free energy of activation for the symmetrical rotational barriers in
benzaldehyde and its two para-substituted derivatives in solution. Their
work yielded an estimate of 33 kJ mo]'1 for the free energy of activation

for benzaldehyde at 150K.’
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The technique of far infrared has been used by Miller et 1.7

to study the C — C torsion vibration in conjugated molecules

(= é ——-é =), which were twelve derivatives of butadiene and glyoxal,
plus benzaldehyde and styrene in the gas phase. Fur‘ther,8 these
workers have studied the C — C torsion vihration in some conjugated
aromatic compounds, such as benzaldehyde, p-fluoro-, p-chloro-, and
p-bromo-benzaldehydes in the vapor and liquid phases, by using far
infrared techniques. Their work yielded the energy barrier, V2,

for the vapors as 19.5, 15.0, 11.8, and 9.8 kJ mo]'], while for the
pure liquids they are 28.0, 21.9, 19.2, and 15.6 kJ mol'], respectively,

These results indicate a fall in the energy barrier in passing from

benzaldehyde to the p-halogenated aldehyde.

Dielectric measurements at microwave frequencies on propion-
aldehyde, crotonaldehyde, cinnamaldehyde and a few related unsaturated
aldehydes in benzene have been carried out by Deshpande and Rao.9
The relaxation times, dipole moments, and the activation energies for
dipole orientation for these molecules have been reported in this
study. A theoretical calculation based on molecular orbital theory

10 reported 27.7 kd mol~! for the activation enthalpy

by Hehre et al.
barrier (AHE from Eyring theory) which the aldehyde group encounters
as it rotates in benzaldehyde. The far infrared and Raman spectra of

crotonaldehyde have been examined by Durig g}ngl.]]

They reported a
value of 68.6 kJ,mol'] for V* barrier for the aldehyde group in

crotonaldehyde in the solid state.
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In the litefature, relatively few dielectric measurements
H
) |
on systems of type (= C — C = 0) seem to have been carried out so far
in comparison with other techniques. Thus, at the beginning of this work,
it seemed of interest to examine the energy barriers to internal
rotation in systems of this type with the\help of the dielectric relaxation
technique by trapping the solute molecules in polystyrene matrices,
which might throw some light onto the e%fect of w-electron delocalization
in conjugated molecules on the energy barrier to group relaxation.

Hence, a part of this attempt to study the effect of conjugation on

the barriers in conjugated systems has already been given in ChapterVI,.

We have studied in the present investigation the dielectric
absorption of nine aldehydes, two of which are aromatic and the rest
saturated and unsaturated aliphatic ones, namely, 5,6-dihydro-2H-pyran-3-
carboxaldehyde, 2-fluorenecarboxaldehyde, cyclohexanecarboxaldehyde,
crotonaldehyde, trans-cinnamaldehyde, a-methy1cinnama1dehyde, phenyl-
propargylaldehyde, a-n-hexylcinnamaldehyde,and hydrocinnamaidehyde in

polystyrene matrices.

The Fuoss-Kirkwood analysis parameters for the molecules examined
are listed in Table VII-1. The Eyring analysis parameters, along with
the relaxation times calculated from these analyses at 150K, 200K, and

300K, are given in Table VII-2.
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DISCUSSION

5,6-Dihydro-2H-pyran-3-carboxaldehyde in polystyrene exhibited
two sets of dielectric absorption, one in the temperature range of

142 - 176K and the qther in the temperature range of 288 - 312K. An

1 1

activation enthalpy of 26 kJ mol ' and an activation entropy of 10 J K™

mo]'] have been obtained for the low temperature absorption, whereas the

corresponding parameters for the high temperature absorption were

-1

68 kd mol™" and 63 J k™! mo]'], respectively. The low temperature

absorption has significantly higher values of about 0.3 for the

distribution parameter than the high temperature absorption

(B = ~0.15), The latter is similar to that observed by Davies and Swa'in]2

for a molecular relaxation process. The temperature range, the g values,
and the t and AGE values at 200K for the low temperature absorption
in the 5,6-Dihydro-2H-pyran-3-carboxaldehyde in polystyrene are all

close to the corresponding values for the aldehyde group relaxation in

13

terephthaldehyde = in polystyrene. In addition, the activation

1 1

enthalpy of ~26 kJ mol~ ' and the activation entropy of 10 J K~ mo1']

obtained for the low temperature absorption of 5,6-Dihydro-2H-pyran-3-

carboxaldehyde agree well with the corresponding values of ~29 kJ mo]’l

'], respectively, for the aldehyde group relaxation in
13

and 15 J k! mol
terephthaldehyde. Hence, these considerations favour the aldehyde group

relaxation for the low temperature absorption of the former molecule.
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The high temberature absorption of 5,6-dihydro-2H-pyran-3-
carboxaldehyde has yielded an activation enthalpy of AHE = 68 kJ mo]']
and an activation entropy of ASE =63 4J K'] mo]']. These values
seem to be considerably higher than those of AHp = 16 kJ mol'1
and ASp = -43 J - mol‘l for a fairly simjlar-sized
rigid molecule, iodpbenzene (cf: Chapter I1I), where the process can
only be one of molecular relaxation. However, the former may be attributed
to the éo-operative motion of the solute in polymer. Similar behaviour
has been observed in a number of systems, for which a relation has been
given earlier (cf:Chapter IV). The values of AHp and aSp fit precisely
in this relation, thus giving support to the above interpretation
of a co-operative molecular process in polystyrene for the high

temperature absorption of 5,6-dihydro-2H-pyran-3-carboxaldehyde.

2-Fluorenecarboxaldehyde also exhibited two distinctly separate
absorptions. The Tow temperature absorption was found in the temperature
range of 195 - 234K covering a Iogmfmax range of 2.7 - 4.0, having an
activation enthalpy of 28 kdJ mo]'] and an activation entropy of
231 3K mo1™!. The present value of aHp = 28 kJ mol~! for the low
temperature absorption in 2-Fluorenecarboxaldehyde agrees very well

10 5f 27.7 kJ mo1™! for the activation enthalpy

with the reported value
barrier (AHE) to aldehyde group rotation in benzaldehyde. Further,

the activation enthalpy of 28 kJ mol'] and activation entropy of
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1

-31 J K mol'] for the low temperature absorption in 2-fluorene-

carboxaldehyde in the matrix show a good agreement with the cor-

1 mol’], respectively,

responding values of 27 kJ mo1~! and -34 J K~
obtained by Walker 93“31.13 for aldehyde group relaxation in 2-
f1uorenecarboxa1deh¥de in the same matrix medium. Hence, this

close similarity to‘the results favours anﬁaldehyde group relaxation
for the low temperature absorption of this molecule. The low
temperature process has a significantly larger Fuoss-Kirkwood
distribution parameter (8.= 0.3 - 0.4) and a shorter relaxation

time t(300K) of 5 x 10'7 s relative to the corresponding parameters
(Table VII-2) for the high temperature process, These observations

also add support to the above interpretation of aldehyde group

relaxation for the former process.

The high temperature absorption of 2-f1uorenecarboxaldehyde
was measured in the temperature range of 292 - 320K,covering a
109,0fnax range of 2.9 - 4.2, and yielding an activation enthalpy of

98 kJ mo]'] and an activation entropy of 159 J K'] mol'l, respectively.

1

The aH. of 98 kJ mol~ ' of 2-fluorenecarboxaldehyde appears

E
to be due to a molecular relaxation process, as this value is in

agreement with that of AHE = 89 kJ mo]'] for molecular relaxation

of a similar-sized molecule, 2-acetylf1uorene16 in polystyrene. Moreover,
1

the observed activation entropy of Asobsd = 159 J K~ mo1”~] agrees
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1

well within experimental error with that of aS = 144 J K~

-1

calcd

mol” ', calculated frbm the relation as given earlier (cf: ChapterIII)

corresponding to a molecular relaxation process.

It may be nqted that the observed dipole moments for the
lTow temperature absérption of this molecule are 0.9 - 1.3 D in the
temperature range of 195 - 234 K. A linear extrapolation of the low
temperature process values leads to u = 2.01 D at 300K, while the
interpolated value at 300K from the high temperature process is
p = 2.55D. Thus, from the equation,u2 = uy, 2 + HLZ’ the molecular
dipole moment u = 3.24 D and is of the order to be expected for an
aromatic aldehyde, benzaldehyde (“LIT = 3.02 D in benzene solution at
298K).]7 Such agreement suggests that the component moments so
obtained are reasonably reliable. Therefore, it would appear more
likely that aldehyde group and molecular relaxations contribute to

the dielectric absorption of 2-fluorenecarboxaldehyde.

A six-membered saturated,aliphatic a1déhyde, cyclohexane-
carboxaldehyde in polystyrene showed two sets of dielectric absorption.
The high temperature absorption, which was measured over the temperature

range of 240 - 273K, yielded aH = 41 kJ mol™! and aSp = 34 K1 mo171.
The high temperature absorption of this molecule has significantly

high values for the distribution parameter (8 = 0.5), which is similar
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to that observed by Davies and Swa'm]2

for an intramolecular relaxa-
tion process. However, it is to be noted that the absorption region
at a given frequency range, the g values, and the trend of decreasing
eumax with the rise of temperature for the high temperature process in
cyclohexanecarboxaldehyde are all the same as observed for the high
temperature process (ring inversion) in cyclohexyl ch]or‘ide.]2
Further, it is seen that the value of enthalpy of activation,
AHE = 41 kJ mol'] for cyclohexanecarboxaldehyde, obtained for a high
temperature absorption,is in good agreement with the corresponding

value of 42.2 kJ mol~} 12

for the ring inversion in cyclohexyl chloride.
It may also be noted that the values of AHE and ASE for this molecule
fit precisely in the relation: aSp (J K1 m01'1) = -17 + 4.2 MHp

(kJ mol']), given by Davies 23_21.12 for an intramolecular motion.

Thus, all the above evidence seems in favour of a ring inversion

process for the high temperature absorption of cyclohexanecarboxaldehyde.

The Tow temperature absorption was measured in the temperature
range of 109 - 134K covering a log]ofmax range of 2.5 - 4.6, having

g = 0.17 to 0.24, s = 21 kd mol”) and aS; = 20 J K™

mol™1. If one takes
into consideration the enthalpy of activation for aldehyde group

relaxation (~14 kJ mo]']) in saturated aliphatic aldehyde (cf: ChapterVIII),
it would seem reasonable to assign the activation enthalpy of

AHE =21 kJ mol'] for the aldehyde group relaxation in saturated six

membered ring aldehyde, i.e., cyclohexanecarboxaldehyde. As a higher
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enthalpy of activation for aldehyde group relaxation would be

expected for this molecule owing to the possible steric hindrance

to aldehyde group rotation due to the presence of hydrogen atom

at C] and the possible steric interaction in the ring. On the other
hand, it is noteworthy that the activation enthalpy of, aH. = 21 kJ mo1”]
for cyclohexanecarbpxaldehyde agrees well within the experimental
accuracy with the corresponding value of 16.4 kJ mol-] for a molecular
relaxation of an analogous molecule, cyclohexyl chloride in a polystyrene

matrix.12

In addition, the temperature range of absorption and the
distribution parameter, g, values for the former molecule are all

close to the corresponding values associated with the Tatter molecule.
Therefore, the evidence seems more in favour of a molecular relaxation
process for the low temperature absorption of cyclohexanecarboxaldehyde,
although there exists a possibility of aldehyde group relaxation at

such temperature range (109-134K) of this molecule.

Only one dielectric absorption in the temperature range of

1

282 - 317K was detected for crotonaldehyde, with AH. = 61 kJ mol~

1

E

and ASE =48 J K~ mol']. The values of AHE and ASE for this molecule

are seen to be much larger for a molecular relaxation in comparison

with that of a rigid molecule of analogous size, for example,

2
chlorobenzene (cf: Chapter III) which has identical length along the

principal axis but slightly greater volume as examined through the

Courtauld model and which in polystyrene gives a AHE of 9 kJ mo]'l and

1

ASE of -60 J K~ mol']. The t© and AGE values at 200K for chlorobenzene
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8 1

are 5.7 x 100" s and 21 kJ mol ', respectively, whereas
crotonaldehyde has yielded a much longer relaxation time (T200K=8’2 s)
and a larger free energy of activation (AGE(ZOOK) = 52 kJ mol°1).

Thus, the possibility of a molecular relaxation process may be ruled
out here for crotonaldehyde, as the activagion parameters for this
molecule differ vastly from that of a rigid chlorobenzene molecule.
Therefore, the aldehyde group relaxation wbu]d be a possible relaxation
candidate for the absorption of crotonaldehyde. It is, however,
noteworthy that the activation enthalpy of 61 kJ mol'], free energy

1

of activation at 200K of 52 kJ mol ', and relaxation time at

200K of 8.2 s for crotonaldehyde are considerably larger than those of
-4

_ -1 _ -1 _
AHE = 28 kdJ mol ', AGE(ZOOK) = 34 kdJ mol and To00K = 2x10 7 s,

respectively, for aldehyde group rotation in 2-fluorenecarboxaldehyde.

This difference in relaxation parameters may be attributed to the

enhanced conjugation across the C — C bond in the former case,

which does not seem to be in the latter case as reflected in the much lower
stretching frequency of the carbonyl group (3;=° = 1685 cm‘1 in so1uti'on)18
for crotonaldehyde compared to that of 5;=0 = 1703 an”! in ccg, for

2-fluorenecarboxaldehyde.

In addition, it is important to note that there is a regular

increase in the free energy of activation for aldehyde group rotation on

going from a saturated aldehyde such as butanal (AG =15

E(200K)
kJ mol'])(cf: Chapter VIII)to 2-fluorenecarboxaldehyde (AGE(ZOOK =

52 kJ mol”!).

34

-1
kd mol” ') and further to crotonaldehyde (AGE(ZOOK) =
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This sequence is reflected in the stretching frequencies of the
carbonyl group (3;=0) as can be seen in Table VII-3 for these
compounds, these being 1730, 1703, and 1685 cm'l, respectively.

A decrease in the 3E=0 value is in harmony with greater conjugation
across the C — C bond adjacent to the cgrbonyl bond. Thus, both
the AGE(ZOOK) and §E=o suggest appreciably enhanced conjugation

of the c=0 group in crontonaldehyde in comparison with 2-fluorene-

carboxaldehyde.

Hence, from the above considerations it would seem
likely that aldehyde group relaxation contributes to the dielectric
absorption of crotonaldehdye, and that the increased conjugation
may have yielded the larger activation enthalpy owing to aldehyde

group rotation in this molecule.

For trans-cinnamaldehyde and a-methylcinnamaldehyde only a

single dielectric absorption was observed. This yielded values of

1

activation enthalpy and entropy of 47 kJ mo1~! and 34 J k™! mo1”!

1 1

and 46 kJ mol " and 31 J K~ mo]'], respectively.

The enthalpies of activation (Table VII-2) for trans-cinnam-

aldehyde and a-methylcinnamaldehyde from the present dielectric

absorption technique seem to be higher than the corresponding
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1 and 21.5 kJ mol-], respectively, found for

values of 23.5 kJ mol”~
the internal rotation of the aldehyde group in these molecules by use of
the ultrasonic absorption technique.] This difference in activation
enthalpies would not be expected if the process were also a]dehyde
group relaxation in the former case, as Walker g§ gl,3 have shown

that three techniqups (dielectric, ultrasonics, and n.m.r.) give

a close agreement for the enthalpy of activation value for

the intramolecular motion 1in particular.

It may be ndted that the effective dipole moments of trans-
cinnamaldehyde and a-methylcinnamaldehyde are 1.7 - 2.0 D and 1.6 - 2.1 D
in the temperature ranges of 226 - 255K and 224 - 260K, respectively.
A linear extrapolation of these effective dipole moments yielded
values of 2.5 D and 2.6 D, respectively, at 300K. These values are appreciably
higher than the component of the dipole moment to be associated with
typical aldehyde group relaxation, e.g., in 2-fluorenecarboxaldehyde,
showing an extrapolated value of 2.0 D at 300K. This difference in
dipole moment values suggests that molecular relaxation has contributed
to some extent to the absorption of trans-cinnamaldehyde and a-

methylcinnamaldehyde.

It may be seen that the activation enthalpies of trans-
cinnamaldehyde (AHE = 47 kdJ mo]']) and of a-methylcinnamaldehyde

(AHE = 46 kJ m01'1) are lower than that for a rigid molecule of about
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the same size, p-fluorobiphenyl (cf:Chapter III ) whose AHE is

59 kJ mo]'], which may be regarded as an upper limit for the AHE

for a molecular relaxation process. However, the values of AHE

and ASE for the former molecules fit in the relation as described

earlier (cf:Chapter III), within the experjmental accuracy, corres-

ponding to a molecu]ar relaxation process.’ Thus, all the above

evidences seem to févour an overlap of group and molecular processes

for trans-cinnamaldehyde and a-methylcinnamaldehyde with the latter process

predominating.

For a,n-hexylcinnamaldehyde, a single dielectric absorption

L and an activation

was observed with an activation enthalpy of 63 kJ mol~
entropy of 79 J K'1 mo]']. Previous study of this molecule by ultra-

sonic absorption techm‘que2 has yielded an activation enthalpy of

19.7 kd mol'1 to internal rotation of the aldehyde group, which is
considerably lower than the present activation enthalpy of 63 kJ mo]']

for a,n-hexylcinnamaldehyde. This would not seem reasonable if

the process were also aldehyde group relaxation in the latter case.
However, it may be noted that the enthalpy of activation has been jacked

up from 46 kJ mol'] to 63 kJ mo]'] on going from a-methylcinnamaldehyde

to a,n-hexylcinnamaldehyde, which could best be explained by increased size
in the latter molecule due to n-hexyl substituent. This seems reasonable
for a molecualr relaxation process, as it is sensitive to the size of the
substituent group (cf: Chapter III). Moreover, the observed activation

1

entropy, ASobsd=79 J K1 mor! agrees well within experimental error with
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that of AS =67 J K'1 mo]'l, calculated from the relation (cf:

calcd
Chapter III) for a molecular relaxation process. Therefore, it seems likely

that molecular relaxation with 1ittle or no contribution from aldehyde group

relaxation contributes to the dielectric absorption of a,n-hexylcinnamaldehyde.

For phenylpropargy]l aldehyde only one absorption measured from

225-256K was found, having g = 44 kJ mol™! and as; = 22 J k! mo171L.

The enthalpy of activation for this molecule may be compared with the

1

corresponding value of 37 kd mol~ for a rigid molecule,

14 in a polystyrene matrix, having identical length along

p-tolunitrile
the principal axis as examined through the Courtauld model. However,

it is notable (Table VII-2) that the temperature range of absorption,
the relaxation timeyand the free energy of activation at 200K for

this molecule are all found to be in close agreement with the
corresponding parameters for trans-cinnamaldehyde and a-methyl-
cinnamaldehyde. It may also be noted that the extrapolated value of the

observed dipole moment of phenylpropargyl aldehyde is =2.3D

Hextpd
at 300K, which is somewhat higher than the value of u = 2.0 D at 300K
for aldehyde group relaxation in 2-fluorenecarboxaldehyde. Therefore,
it would appear that the observed relaxation process may be due to

an overlap of both group and molecular relaxation, similar to that of

trans-cinnamaldehyde and a-methylcinnamaldehyde.

The hydrocinnamaldehyde exhibited two sets of dielectric

absorption. The Tow temperature absorption yielded an activation
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1 mo]'l.

entahlpy of 21 kJ mo]'1 and an activation eptropy of -44 J K~
It is to be noted (Table VII-1) that the effective dipole moment
values decrease slightly with the rise of temperature. Further,

the effective dipole moment value at 200K is 0.77 D, which agrees
well with the corresponding value of 0.87 D at 200K, typical for
aldehyde group relaxation in an aliphatic system (cf: Butyraldehyde,
ChapterVIII). The enthalpy of activation of 29 kJ mol'1 for aldehyde

group relaxation in terephtha]dehyde13

in a polystyrene matrix is

to be compared with the present value of 21 kJ mo]"1 for hydro-
cinnamaldehyde. This difference in activation enthalpy between
terephthaldehyde and hydrocinnamaldehyde could be explained, as in

the former molecule the aldehyde group is directly attached to an
aromatic ring, in which there exists a possibility of increased

double bond character of the bond connecting the aromatic ring and

the aldehyde group because of the enhanced conjugation in the ring.
This would lead in turn to a higher enthalpy of activation for aldehyde
group relaxation. Whereas in the latter molecule, the aldehyde

group is not directly attached with an aromatic system and there

exists a possibility of Tess inductive effect. As a result a relatively
lower enthalpy of activation for aldehyde group relaxation would be
expected in this molecule than in the former molecule. However,

it is seen that the enthalpy of activation value of 21 kJ mo1™L for
hydrocinnamaldehyde is relatively higher than the corresponding value

of 14 kJ mo1~! for aldehyde group relaxation in a long chain aliphatic

system, butyraldehyde (cf: Chapter VIII). Thus, in view of the above
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considerations, the most reasonable interpretation of the data is
that aldehyde group relaxation with a contribution from alkyl unit

occurs in hydrocinnamaldehyde.

The high temperature absorptign which was measured in
the temperature range of 312-329K, yielded AHp = 142 kJ mo1~L and

1 mol’l. Since the AHE for molecular relaxation is

ASg = 279 4 K™
of the order of 38 kJ mol™Y in p-bromoethylbenzene (cf: Chapter III),
a rigid molecule analogous in size to hydrocinnamaldehyde, then the
only likely explanation for this large value of AHp is that it is due
to some form of co-operative motion involving the polymer chains.

It would seem that the values of AHE and aSg for this high temperature
absorption fit precisely in the relation as described earlier (cf:
Chapter IV), corresponding to a co-operative molecular process in

polystyrene, thus giving further support to the above interpretation

for the high temperature absorption of hydrocinnamaldehyde.

From the foregoing discussion it may be concluded that,
the enhanced conjugation seems to have caused an increase in the
activation enthalpy of crotonaldehyde. The AGE values at 200K for
aldehyde group relaxation follow the sequence: butanal < 2-
fluorenecarboxaldehyde < crotonaldehyde, and this is the order of

increased conjugation as assessed by the carbonyl stretching frequency.
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TABLE VII-1 TABULATED SUMMARY OF FUOSS-KIRKWOOD ANALYSIS PARAMETERS
AND EFFECTIVE DIPOLE MOMENTS FOR SOME UNSATURATED AND
SATURATED ALDEHYDES IN POLYSTYRENE MATRICES AT A VARIETY
OF TEMPERATURES.

K 10%(s)  logf s 10 e (D)

0.75M 5,6-Dihydro-2H-pyran-3-carboxaldehyde
High Temperature Absorption

287.7 204.2 2.89 0.12 16.2 3.21 1.33
292.3 157.1 3.01 0.12 15.6 3.20 1.34
297.6 53.5 3.47 0.13 15.6 3.22 1.28
302.5 41.0 3.59 0.14 15.4 3.22 1.22
305.9 30.3 3.72 0.14 15.3 3.22 1.25
309.6 25.4 3.80 0.15 15.2 3.23 1.19
311.9 24.0 3.82 0.16 15.1 3.23 1.16
Low Temperature Absorption
142.3 236.7 2.83 0.33 59.0 2.76 1.18
146.2 140.5 3.05 0.32 60.5 2.75 1.21
150.3 77.5 3.31 0.32 62.3 2.75 1.25
155.6 39.3 3.61 0.33 64.6 2.75 1.29
161.2 19.4 3.91 0.33 67.1 2.75 1.33
165.5 11.2 4.15 0.32 68.5 2.74 1.37
171.2 5.54 4.46 0.32 70.1 2.74 1.42
175.9 2.95 4.73 0.31 71.8 2.73 1.48
0.41M 2-Fluorenecarboxaldehyde
High Temperature Absorption
292.3 246 .8 2.81 0.17 34.9 2.64 2.48
296 .2 179.5 2.95 0.17 35.0 2.62 2.54
299.0 135.1 3.07 0.16 35.3 2.62 2.58
304.2 65.6 3.38 0.17 35.9 2.62 2.55
308.8 35.0 3.66 0.18 36.6 2.61 2.56
313.2 20.7 3.89 0.18 37.4 2.61 2.57
316.4 13.8 4.06 0.19 38.0 2.61 2.59
319.5 9.37 4.23 0.19 38.7 2.60 2.61
Low Temperature Absorption
195.0 304.7 2.72 0.40 13.3 2.63 0.85
204 .4 136.1 3.07 0.37 14.2 2.63 0.94
209.0 95.3 3.22 0.3 14.6 2.62 0.98
219.1 42.3 3.58 0.33 15.8 2.62 1.08
224 .4 28.4 3.75 0.29 16.0 2.61 1.17
233.6 14.98 4.03 0.27 17.5 2.60 1.28

~



TABLE VII-1 continued...
6 3 .
T(K)  107<(s) 19fmax & 107"
0.92M Cyclohexanecarboxaldehyde
High Temperature Absorption
240.4  109.2 3.16 0.49 10.5
243.8 79.5 3.30 0.49 10,
248.3 52.5 3.48 0.45 9,9
254.0 33.6 3.68 0.44 9.8
258.5 23.3 3.83 0.47 9.4
263.2 15.9 4.00 0.50 9.2
268.5 11.7 4.13 0.49 8.8
273.0 8.33 4.28 0.54 8.5
Low Temperature Absorption
108.7  451.5 2.55 0.17 34.0
110.4 224 .4 2.85 0.18 34.3
113.7 103.9 3.18 0.20 35.4
117.4 50.4 3.50 0.21 36.5
120.8 28.4 3.75 0.20 37.8
126.6 11.5 4.14 0.22 39.7
134.4 4.0 4.60. 0.24 41.7
1.03M Crotonaldehyde .
281.9 180.0 2.95 0.18 9.4
287.4 63.6 3.40 0.18 9.2
293.7 52.0 3.49 0.19 9.4
300.1 26.1 3.78 . 0.17 9.2
306.7 14.0 4.05 0.18 9.2
311.8 10.3 4.19 0.20 9.1
316.8 5.58 4.45 0.20 9.1
0.65M Trans-Cinnamaldehyde
225.9 235.8 2.83 0.19 34.3
230.1 172.3 2.97 0.18 35.5
234.1 108.4 3.17 0.18 36.8
239.7 62.0 3.41 0.18 38.5
244.7 3%.4 3.64 0.18 40.0
249.7 21.0 3.88 0.18 41.8
255.0 12.8 4.09 0. 43.2

230
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TABLE VII-1 continued...

k) 10f(s)  logf 8 w0l e, ulD)

0.55M Alpha-methylcinnamaldehyde

223.9 266 .5 2.78 0.21 32.8 2.69 1.64
229.0 162.0 2.99 0.20 34.1 2.68 1.71
233.5 114.0 3.15 0.19 35.0 2.67 1.79
236.9 75.0 3.33 0.19 35.9 2.66 1.85
244 .3 35.2 3.66 0.18 37.9 2.65 1.95
252.6 15.4 4.02 0.19 40.0 2.64 2.01
260.3 7.46 4.33 0.19 42.0 2.63 2.09
0.36M Alpha-hexlycinnamaldehyde
250.0 203.9 2.89 0.24 19.0 2.63 1.56
255.2 130.9 3.08 0.24 19.9 2.63 1.60
259.9 81.6 3.29 0.22 20.4 2.62 1.71
265.1 39.4 3.61 0.21 21.5 2.61 1.81
269.5 23.9 3.82 0.21 22.2 2.60 1.88
273.8 15.1 4.02 0.21 23.0 2.60 1.91
279.0 9.58 4.22 0.22 23.7 2.60 1.93
283.8 5.02 4.50 0.21 24.6 2.58 2.03
0.65M Phenylpropargylaldehyde
224.6 231.3 2.84 0.21 28.1 2.61 1.43
229.5 115.8 3.14 0.21 29.3 2.60 1.46
234.5 77.1 3.32 0.21 30.6 2.59 1.54
242.5 37.4 3.63 0.20 32.6 2.58 1.63
248.4 20.9 3.88 0.20 34.0 2.57 1.71
255.5 11.2 4.15 0.20 35.5 2.56 1.77
0.60M Hydrocinnamaldehyde
High Temperature Absorption
312.4 296 .4 2.73 0.10 6.3 2.61 1.23
316.5 119.1 3.13 0.10 6.4 2.61 1.22
322.5 44.2 3.56 0.10 6.7 2.61 1.26
324.1 30.8 3.71 0.11 6.9 2.64 1.23
326.5 20.6 3.89 0.1 7.0 2.63 1.25
328.9 20.5 3.89 0.12 7.2 2.64 1.23
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TABLE VII-1 continued...

Tk 100(s)  logf B 10N, e u(D)

Low Temperature Absorption

175.6 86.2 3.27 0.09 4.3 '2.67 0.791
184.7 51.9 3.49 0.10 4.p 2.67 0.795
193.9. 27.4 3.76 0.12 4.9 2.67 0.775
203.1 15.1 4.02 0.14 5.2 2.67 0.742
213.1 5.47 4.46 0.15 5.6 2.67- 0.758
222.5 3.28 4.69 0.17 5.8 2.67 0.755
232.0 2.46 4.81 0.19 6.1 2.67 0.754
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TABLE VII-3: INFRARED CABRONYL STRETCHING FREQUENCIES
Compound Voo (em™L) Solvent
Butanal¥* 1730 CC£4

2-Fluorenecarbox-
aldehyde 1703 CCz,

Crotonaldehyde* 1685 CC!.4

*Reference 18



CHAPTER VIII

DIELECTRIC RELAXATION OF SOME LONG-CHAIN
ALIPHATIC ALDEHYDES
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INTRODUCTION

The dipole reorientation by intramolecular
rotation of polar groups substituted in an aromatic system has

received considerable attention.]

In a]iphgtic molecules, which in general are far more
flexible, there exists a possibility of the rotation of substituent
groups as well as that of the segmental rotation of different
molecular units. The dielectric properties of several aliphatic
Tong-chain molecules, containing different dipole-bearing groups,
have been extensively investigated. Investigations on some
aliphatic molecules,RX, with varying size of 'R' group and with
varying positions of 'X' groups have been made,and in some cases,
the effect of solvent viscosity has been studied. Thorough and
systematic investigations of the n-bromoalkanes both as pure
liquids and in solution have been made at microwave frequencies,2
and the distribution parameter, which increases with increasing
chain length, has been discussed in terms of a distribution of
relaxation times due to segmental rotations, The limits are
given by two extreme values corresponding to -CH,Br group relaxation
and molecular end-over-end rotations.

6

Tay and Crossley considered the relaxation data for

1-bromoalkanes in cyclohexane solution and suggested that the
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dipole reorientation about the long axis'in these molecules
involves a variety of molecular segments containing the CHZBr
group. Further, these workers reported the dielectric absorption
study of solutions of 1-amino alkanes (R - NHZ)’7 and 2-alkanones
(R - COCH3),8 and it was inferred that in these molecules dipole
reorientation occurs primarily by rotatiop of the polar end
group and that the mean relaxation times are almost independent of
the Tength of the alkyl group 'R'. In a separate study3 on

alkyl amine, alkanone,and alkyl bromide, the potential barriers
to rotation of the polar groups have been found to be 8.1,

3.3, and 14.9 kJ mol'], respectively, for the three systems.

112 has examined the dielectric

In a recent paper, Madan
behaviour of solutions of aliphatic ketones in different non-
polar solvents, and the results have been discussed in terms of
dipole reorientation by overall molecular rotation and/or by
intramolecular rotation around R - C or R' - C bonds. However,
he reported the enthalpy of activation, (AHE), for dipole relaxation
in cyclohexane solutions of 2-butanone, 2-pentanone, 2-hexanone,

2-heptanone, and 2-decanone as 4.2, 10.0, 4.2, 10.0, and 10.0

kd mo1'], respectively.

The dielectric properties of alcohols have also

4,5,9

been investigated extensively. Gemert and coworkers9

examined
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methanol, ethanol, propanol, and butanol in different non-polar
solvents and reporied the activation energies of these alcohols
in benzene solution as 15.5, 23.0, 25.9, and 29.3 kJ mo]'],
respectively. These high values of activation energy were
discussed in terms of the co-operative motion of a single molecule
(after H-bond rapture) with its surroundings, or of a cyclic
multimer with its surrounding$. However, these mechanisms are in
contrast with the findings of Imanov g;_gl,,4 where the rotation
of the CHZOH group near the C-C bond was suggested from studies
on pure propanol, iso-propanol, butanol, and iso-butanol, and
their solutions in hexane. The activation energies for

these systems were only < 10.5 kdJ mo]'].

A systematic study of the dielectric behaviour of ten alkyl
acetates (i.e., Ry = CHy and R, = CnH2n+1’ n=1,2 ---8) in

solution has been undertaken by Higasi and coworker‘s.i0 The

1 for

enthalpy of activation is found to increase from 5.1 kJ mol~
methyl acetate to 6.0 kJ mol'] for n-octyl acetate. From the
non-zero distribution parameters, these workers suggested that
the dipole re-orientation in these molecules occurs by the internal

rotation of various segments.

However, in contrast to the foregoing extensive investi-

gations of long-chain aliphatic molecules, containing different
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rotatable polar grouyps, by using dielectri¢ absorption technique,

only a limited number of literature references 1is available for

13a

Tong-chain aliphatic aldehydes. Verdier and Wilson examined

acetaldehyde and reported a barrier height (V3) of 4.8 kJ mol']

from the microwave technique. A hindered rotation leading to the

different rotameric forms has been suggested for propionaldehydénb

and n-butyra]dehyde,]3c

13d

by using microwave spectroscopy. Dielectric

measurements on propiona1dehyde and some other aldehydes in

benzene solution, have been carried out by Deshpande and Rao,

1 for dipole

13

who reported an activation energy of 6.8 kJ mol~

orientation in propionaldehyde. Smyth and coworkers € examined

the dielectric behaviour of n-octyl aldehyde and some long-chain
aliphatic molecules in n-heptane solution at 298K. They suggested
that the molecules have two dispersion regions and the results are
consistent with contributions from an intramolecular and a molecular

relaxation time.

Hence, the above information available in the literature
reveals the lack of adequate and systematic dielectric relaxation
data and the energy barriers for intramolecular and/or molecular
processes for long-chain aliphatic aldehydes. It thus seemed of
interest to examine long-chain aliphatic aldehydes in polystyrene

matrices by using the dielectric absorption technique, as in the
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past few years this approach has proved quite fruitful in the

study of suitable iﬁtramolecular motions and has been successful

in the determination of the energy barrier for an intramolecular and/or
molecular relaxation process separately. Thus, the present work

was undertaken in order to make a systema;ic dielectric relaxation
study of long-chain aliphatic aldehydes in a polystyrene matrix

and also with a viéw to gain information about the energy

barrier of intramolecular and/or molecular motions in this area.
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EXPERIMENTAL RESULTS

The molecules examined in this study are seven aliphatic
long-chain aldehydes (i.e., R(CHz)nCHO, where R = CH3 and n = 2,
3, 4,5, 7, 8, 10) in a polystyrene matrix. The n-nonanal molecule
has also been examined in another medium (polypropylene). A
study of n-hexyl bromide has also been made in a polystyrene
matrix. The sample plots of loss factor (e" = e"(obs) - "(poly-
styrene)) against logarithm (frequency) and 1ogTt against 71
are shown in Figures VIII-1 and VIII-2 for n-butanal. The Fuoss-
Kirkwood analyses parameters for the molecules examined are pre-
sented in Table VIII-1. The results of Eyring equation analyses
of these data, along with the relaxation times calculated from

these analyses at temperatures 100K, 200K, and 300K, are given
in Table VIII-2.
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DISCUSSION

A1l the long-chain aliphatic aldehydes studied in
this investigation show two distinctly separate regions of

absorption.

However, the second and third membersof the homologous
series of aliphatic aldehydes (R(CH,) CHO, R = CHy, n = 2 and 3),
viz., butanal and pentanal, exhibited the low temperature dielectric

absorption in a similar range of temperatures (around 100K) and

have yielded similar values for the enthalpy of activation (AHE =
14 kJ mo]']) and entropy of activation (ASE = -7 J K} mol'l).

It is seen for aliphatic molecules in n-heptane so]utions,lBe

18

acetophenone in cyclohexane, - and 2-acetonaphthone and 4-acetyl-o-

19

terphenyl in benzene, ° that the relaxation times for molecular

rotation are rather long compared to the relatively short

relaxation times associated with the intramolecular process.

It is to be noted (Table VIII-2) that the relaxation
times at 300K for the low temperature absorption of butanal and
pentanal are considerably shorter than the corresponding values

obtained for the high temperature: dielectric absorption of these
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molecules, which suggests a possibility of an intramolecular
process in the low temperature region for these molecules.
Further, relaxation times for the low temperature absorption of
butanal and pentanal at 300K (Table VIII-2) appear to be
similar to the short relaxation times assqciated with the

intramolecular procgess of, for example, ethyl ether15 in

16

heptane, and ethyl hexnoate =~ in benzene solution.

The values of the relaxation time for
butanal and pentanal (1.8 x 10"9 s at 200K) in the polystyrene
matrix are found to be m103 times shorter than the relaxation time for
aldehyde group rotation in an aromatic molecule, telr'ephtha1dehyde'|4
(1.8 x 10'6 s at 200K) in the same medium. Such a difference in
relaxation time between an aliphatic and an aromatic system
could be related, owing to the conjugation of = electrons in
the latter case, to the carbonyl group of aldehyde
substituent and the bond connecting the aldehyde group with the

C ). Furthermore, the relaxation

ring (Ca1dehyde-__' aromatic
times (300K) for butanal and pentanal in the polystyrene matrix
(Table VIII-2) seem to be of the same order of magnitude as the
relaxation times (298K) attributed to the rotation of the polar end

group in n-butyl amine7 and 2-hexanone8 in cyclohexane solution.



243

It shou]d;be recognized that the 't' and 'AGE' values
in the middle of thé temperature range of absorption are most
reliable parameters as these are the measured values and can be
deduced directly from the frequency maximum values. However,
in the middle of the temperature range of absorption (100K),
butanal and pentanal yield 't' and 'AGE' yalues as 1.5 x 10'5 S

! S sand 14 kJ mo1'], respectively,

and 14 kJd mol ','and 1.0 x 10
This indicates that there is no signifiéant variation in these two
parameters when the number of carbon atoms in the chain length is increased
(i.e., in going from butanal to pentanal). This observation is

in contrast to the molecular relaxation process 1in which one

would expect a progression in 't' and 'AGE' with increasing size

of the molecule.

Tay and Cross]ey6 suggested that as the potential barriers
to rotation of the terminal NH,, COCH, groups in amino alkanes and
alkanones are significantly smaller than the potential barrier to
rotation about the (—C bond in saturated aliphatic hydrocarbons.3
As a result the rotation of the polar end group would be faster than any
segmental rotations within their hydrocarbon chain, and the dipole
reorientation in these compounds would occur primarily by rotation
of the polar group. In view of this suggestion it should

be noted that our value of activation enthalpy for butanal and
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pentanal (14 kJ mo]71) is significantly smaller than the barrier
height in saturated aliphatic hydrocarbons3 (for example, for
butane it is ca: 15 kJ mo]']). In addition, the enthalpy

of activation, AHE = 14 kJ mol'1

, obtained for butanal and pentanal
in the polystyrene matrix, is comparable o the corresponding
value of 10.0 kd mo1™,12 found for an intramolecular relaxa-

tion process in 2-pentanone in cyclohexane solution. Thus,

all the above considerations for butanal and pentanal suggest
that the dipole reorientation by intramolecular rotation is

dominated by the terminal aldehyde group with Tittle or no

contribution from the -CH, unit of the aliphatic chain.

It may be seen from Table VIII-2 that the enthalpy of activa-
tion for butanal is slightly smaller than its free energy of
activation (100K), so that the entropy of activation is negative,

17 shows that there are fewer

which according to Branin and Smyth
configurations possible in the activated state,and for these
configurations the activated state is more ordered than the normal

state.

The higher members of the homologous series of aliphatic

aldehydes, hexanal, heptanal, and nonanal in polystyrene matrices,
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showed two sets of dielectric absorption. The low temperature

absorption of these molecules yielded the enthalpy and entropy

1 1 -1

and 13 J K~ , 16 kJ mol™!

1

values of activation: 16 kJ mol~ mol

-1 mo]'], respectively.

and 8 9 Klmo177, and 17 k3 mo1”! and -4 9 K
Again the magnitudg of 't' (300K) for the Tow temperature

absorption of thesé molecules is considerably shorter than the
respective values obtained for their high temperature absorption.

In addition, the short relaxation times associated with these

molecules are of about the same order of magnitude as those found

for the low temperature absorption of butanal and pentanal, thus
suggesting the possibility of an intramolecular relaxation process

in these molecules. However, it is notable from Table VIII-2

that there is a slight progression in the values of the relaxation time
(r at 100K) with an increasing number of carbon atoms in the chain,
i.e., in going from hexanal to heptanal and nonanal. The free

energies of activation at 100K for hexanal, heptanal, and

1 -1

nananal are 15 kJ mol™', 15 kJ mol 1

,and 17  kJ mol™ ',
respectively, showing a similar trend as that noticed for the
relaxation times of these molecules. It is, however, noteworthy
(Table VIII-2) that the enthalpies of activation (AHE) for hexanal,
heptanal, and nonanal in the polystyrene matrices are comparatively
higher (~2 kJ mol']) than the respective values for butanal and
pentanal in the same medium. In addition, the activation

enthalpies for these molecules seem to be slightly greater than
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that of the barrier height to rotation about the C — C bonds

in saturated aliphaékc hydrocarbons.3 This observation suggests that
the rotation of the terminal aldehyde group in hexanal,

heptanal, and nonanal may be slightly slower than any segmental
rotations within the aliphatic chain, and thus the dipole
reorientation of these molecules is 1ikely to involve a con-
tribution from smafler segments which contain the terminal
aldehyde group. This explanation seems to be reasonable, since

an increase in chain length (i.e., hexanal, heptanal, and nonanal)
gives rise to an increase in the flexibility of the molecule

which in turn increases the number of degrees of freedom within
the molecule, As a result, the smaller segments which contain the
terminal aldehyde group would be expected to contribute to the
dielectric absorption of these molecules. It seems, therefore,
reasonable to assume that the terminal end group rotation with

a contribution from smaller segments is a predominant process of
dipole reorientation for hexanal, heptanal, and nonanal in poly-

styrene matrices.

An experiment was carried out to examine whether the
change in a local environment does affect on the intramolecular
process or not. Such influences for molecular process may be

expected to exhibit considerable variation in enthalpy of
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activation by such changes in surrounding medium, whereas an
intramolecular process may be expected to be reasonably in-
dependent of such a change in a local environment. Therefore,
nonanal was examined in a polypropylene matrix which showed two
regions of dielectric absorption similar to that observed

in a polystyrene medium. The low temperature absorption

of nonanal was measured from 94 - 115K, having larger 8

V. It may be seen (Table VIII-2)

values (n0.3) and AH. = 17 kJ mol .

E
that the activation enthalpy of AHE = 17 kJ mol“] for nonanal
in a polypropylene medium is in excellent agreement with the

L for this molecule in a polystyrene

value of AHg = 17 kJ mol”
medium. In addition, the temperature range, the g values,

AGp and 7 values at 100K for nonanal in a polypropylene medium are

all close to the corresponding values of this molecule in a
polystyrene medium. Hence this close similarity in the results of
this molecule in two different media, (polypropylene and polystyrene
strongly suggests that the intramolecular process is independent

of such a change in the surrounding medium. This observation is

also supported by the study of Walker et gl,,zo in which a similar
enthalpy of activation of ~35 kd mo]'] is found for hydroxyl

group relaxation in 2,6-dinitro-4-methyl phenol in polystyrene and
polyethylene matrices. However, in contrast to the low temperature

absorption of nonanal in polypropylene, the activation enthalpy
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and entropy for thefhigh temperature absorption of this

-1 1

molecule were very large,being 80 kJ mol™ " and 297 J K~ mo]'l,

respectively, in comparison with the respective values of 38

1 and 5 J K'1 mo]'1 for nonanal in a polystyrene medium.

kd mo1~
Such differences in AH. and ASp may be ac¢ounted for by the
change in local enyironment provided by polypropylene and poly-
styrene, as molecular relaxation is expected to be

dependent of the medium.

For higher members of the long-chain aliphatic aldehyde
series {R(CH,) CHO, R = CH;, and n = 8 and 10}, viz., decanal
and lauraldehyde, again two sets of dielectric absorptions
were found. The low temperature absorptions of these molecules

have yielded the enthalpies and entropies of activation as 25

1 mo]'l,

kd mo1™! and 48 3 K} mo17!, and 27 ka mo1™ and 46 J K™
respectively. The Tow temperature absorptionsof these molecules
have significantly higher distribution parameters (g = 0.3 - 0.4)
and shorter relaxation times (300K) relative to those associated
with their high temperature absorption. It is apparent from
Table VIII-2 that the relaxation time, t, and the free energy of
activation, AGp, at 100K, show a significant increase with

the increased number of carbon atoms in the chain. That is the

and AG; values (100K) for decanal (ten carbon atoms in the chain)
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2

are 1.3 x 10 s ané 20 kJ mol'l, respectiyely, whereas the

corresponding parameters for lauraldehyde (twelve carbon atoms

1 and 22 k3 mo]'l, respectively.

in the chain) are 1.9 x 10~
Furthermore, the t and AGE values at 100K (Table VIII-2) for

these molecules are considerably larger in comparison with

the corresponding parameters obtained foy the low temperature ab-
sorption of butanal and pentanal where more likely a terminal

aldehyde group rotation contributes to the dielectric absorption.
Taking into consideration the much greater flexibility in the
aliphatic chain of decanal and lauraldehyde compared with that of
butanal and pentanal, this would tend to increase the possibility

of rotation for a variety of segments which contain the terminal
aldehyde group. Thus as the rotation of larger alkyl unit

together with the terminal aldehyde group would be expected to involve
a greater resistance from the surrounding medium (polystyrene matrix)
and owing to the possible steric interactions with a spiral chain, one
would expect a higher activation enthalpy for an intramolecular
rotation in long chain aliphatic molecules (i.e., decanal and
lauraldehyde) than short chain aliphatic molecules (i.e., butanal and
pentanal). Hence, in view of the above considerations it is

probable that for the low temperature absorption of decanal and laur-
aldehyde, dipole reorientation by intramolecular rotation occurs

by terminal aldehyde group rotation with a contribution from a Tonger
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alkyl unit, which in turn leads to the higher values of AHE

for these molecules than those for butanal and pentanal.

In general, it would be expected that the relaxation
time, t, and the free energy of activation, AGE, at a given
temperature (say 30pK) would increase with the number of carbon
atoms in the chain, if the overall molecular rotation were a
dominant contributing factor in the relaxation process. This
indicates that the increase in molecular chain length would
increase the amount of energy required for the molecular dipole
orientation. In contrast to this expectation, the
high temperature absorption of butanal, pentanal, hexanal,
heptanal, nonanal, decanal, and lauraldehyde did not show a
regular increase in the values of 't' and 'AG' (300K) with
the increasing number of carbon atoms in the chain. As seen
from Table VIII-2 » the relaxation time 't' and free energy

of activation 'AGE' at 300K for butanal, pentanal, and hexanal

6 5 1

are 6.8 x 100 s and 44 kJ m01'1, 1.3 x 10°° s and 45 kJ mol ',

and 1.4 x 1072 s and 46 kJ mol'], respectively, showing a
slight lengthening in 't' and an increase in"AGE' values as

the number of carbon atoms in the chain 1is increased from Cq to
C6. However, heptanal (C7) yields an appreciably Tower value of

relaxation time, © = 1.3 x 1078 s,and free energy of activation,
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28 kJ mo]'], whereas nonanal (t = 4.1 x 10'7 S,

6

AGe

37 kJ mol']), decanal (t = 3.1 x 10~
4

AG

E s, AGp = 42

kd mo]']), and lauraldehyde (t = 1.6 x 107" s, AGp = 52 kJ

mol'l) all show a significant increase in these parameters with
increasing chain length, i.e., from Cg to Cyp- Thus lack of
consistency in 't' and 'AGE' values with yncreasing chain length
suggeststhat the absorption is not solely due to overall molecular
relaxation. It is, however, more likely that the variety of
molecular segments are making an appreciable contribution to

the high temperature dielectric absorption, In particular for

the molecules having a long chain, where because of the larger free-
dom in the chain there exists a much greater possibility from
segmental reorientation,of contributing to the absorption rather
than in the case of molecules having a short chain. Further, it is notable
(TableVIII-2) that the enthalpy of activation for the high
temperature absorption of these molecules 1is considerably

higher than those associated with the Tow temperature

absorption of these systems, This observation can be explained as in the
former case dipole orientation may occur either by overall molecular
oreintation or by longer segmental reorientation. This would in
turn encounter a greater resistance from the surrounding

polystyrene medium than that of the rotation of small polar end
group (i.e., aldehyde group) with little or no contribution from
smaller segments, which is more likely a mechanism in the low temp-

erature absorption of these systems. As a result, the activation

enthalpies, AHE, for the high temperature absorption of these molecules
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are higher compared to the values associated for their low tempera-

ture absorption.

It is to be noted (Table VIII-2) that the activation
entropies and enthalpies for the high temperature absorption of
hexanal, decanal, and lauraldehyde are enormously larger than
the corresponding values obtained for the other members of this
series. The higher values of AHE and ASE for these molecules
do not seem reasonable for a molecular relaxation. It
appears that the absorption might have reached the glass-
rubber transition temperature, and therefore,
the absorption might be associated with the co-operative motion
of polymer segments with that of solute molecules. As a result,
it would produce a large local disorderliness in the medium, thus
giving rise to a large positive entropy of activation for these
molecules. The entropies of activation were further estimated
from the relation (cf: Chapter IV), corresponding to a co-operative
molecular motion in polymers. The observed activation
entropies of hexanal, aS, . = 165 J k1 mo]‘l, decanal, S, 4 =

135 J K™ mo171, and lauraldehyde, AS = 285 J K™ mo17! are

obsd
found to be in good correspondence with the calculated values of 158

1 1

J k! mo]'l, 119 3 K1 mo171, and 204 J mol'l, respectively, give

further support to the co-operative motion of these molecules in a

polymer.
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In general, it may be seen that for various aliphatic
aldehydes the effective dipole moments observed from the low
temperature absorption are of the order of 0.4 - 0.6 D in the
temperature range of absorption of 90 - 150K. The values of
the observed dipole moment are considerably lTower than the literature

values21

of 2.6 D at ~293K for butanal and pentanal. Further,

it is to be noted that the observed values of the dipole moment

for the Tow temperature absorption of hexanal are 0.4 - 0.5 D in
the temperature range of 91 - 114K. Extrapolation to 300K

yielded a value of ~1.73 D. This indicates that at Tower
temperatures the polymer matrix does not allow a complete relaxation
of the full dipole moment. It would seem likely that there

should be another absorption for the various aldehydes at higher

temperatures. In fact, this higher temperature absorption for

various aldehydes has been observed.

A rough estimate of the total intensity of the two
dielectric absorptions may be made from the relation u]Z + u22 =
”tota]z’ where Uy is the extrapolated value of the dipole moment at
300K from the low temperature intramolecular process, and Uy is
the interpolated value from the high temperature process. Therefore,

the estimated value of total moment at 300K for hexanal is

¢Q0}89)2 + (1.73)27 2 D, which is somewhat less' than the literature
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value of 2.6 D at 293K for pentanal. The divergence in the
observed values of ghe dipole moment with the 1iterature

data may possibly be attributed to the fact that the extrapola-
tion has been made in a wider temperature interval, thus giving
rise to the apparent discrepancies betweeQ the two values.
Moreover, it may be apparent that "only some of the molecules
reorient and/or their range of reorientation is well below +n",

as was suggested by Davies and Swain.22

Although the last molecule, for which the data are given in
Table VIII-2, does not belong to long-chain aliphatic aldehyde
series, it was examined in order to obtain the information
about relaxation parameters in Tong-chain alkyl bromides. As given
in Table VIII-2, 1-bromohexane in polystyrene shows two
distinctly separate regions of absorption. The low temperature
absorption yields an activation enthalpy and entropy of 17 kJ mol'1

and 34J k1 mol']3 respectively, while the high temperature absorp-

1 1

tion yields the corresponding parameters of 39 kJ mol” " and 31J K~ mo]'l,
respectively. It is seen (Table VIII-2) that the low temperature
absorption has significantly higher 'g' values and short relaxation

times (100K) than the corresponding parameters obtained in the

high temperature absorption region. The enthalpy of activation

17 kdJ mol'] for the low temperature absorption is in good agreement
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with the barrier height of 14.9 kJ mo]'],3 obtained for the

rotation of -CHzBr group in CH3-CHzBr. Hence, it suggests

that more likely a polar end group rotation is occurring for the

low temperature absorption of 1-bromohexane. The high tempera-

ture absorption in this molecule may be attributed to intramolecular

rotation by segmental reorientation.

A11 that can be concluded, from the present experi-
mental data of long-chain aliphatic aldehydes, therefore,is
that for the Tow temperature absorption of butanal and pentanal,
dipole reorientation involve the rotation of the -CHO group with little
or no contribution from the smaller -CH2 unit of the aliphatic chain.
For higher members of this series, i.e., hexanal, heptanal, nonanal,
decanal, and lauraldehyde, it is probable that in addition to
terminal aldehyde group rotation, segmental reorientation also
makes a significant contribution to their dielectric absorption. The
high temperature dielectric absorption of these molecules may be
attributed to either overall molecular rotation or to the intramolecular

rotation of molecular segments.
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TABULATED SUMMARY OF FUOSS-KIRKWOOD ANALYSIS

PARAMETERS FOR SOME ALIPHATIC LONG-CHAIN

ALDEHYDES AT A VARIETY OF TEMPERATURES.

1.0 M Butanal in polystyrene

3 "
€

10 max

High temperature absorption

0.17
0.18
0.18
0.20
0.21
0.23

8.1
8

NN
PUNOO

Low temperature absorption

1.0 M Pentanal in Polystyrene

0.18
0.19
0.19
0.20
0.21
0.22

15.7
15.9
17.0
17.6
18.0
18.4

High temperature absorption

0.13
0.18
0.17
0.20
0.25
0.26

5.7
6

HpOITCTO
nNEAEN PR

Low temperature absorption

6
T(K) 1071(s) 1ogfhax
273.2 86.2 3.27
279.3 43.8 3.56
282.8 27.9 3.76
287.3 19.1 3.92
293.3 10.6 4.18
299.2 8.67 4.26
91.1 92.3 3.24
92.6 58.1 3.44
98.3  19.2 3.92
102.4 8.90 4.25
106.2 5.63 4.45
110.9 3.10 4.71
266.6 237.9 2.83
270.7 146.3 3.04
275.0 84.2 3.28
280.2 57.0 3.45
304.3 9.26 4.24
309.0 7.22 4.34
90.4 61.2 3.41
91.9 44.1 3.56
95.5 24.5 3.81
97.3 16.5 3.98
99.2 12.1 4.12
102.7 6.16 4.41
105.9 3.75 4.63

OCOO0COO0OO0OO
—
(8,

DSEASEASEASE VRN DN PN NN

N R NN N RO R

u(D)

OCOOOOO0O

OCOOCOOCO (=R Nl oo o]

OCOO0OOOOO

.715
.703
.693
.670
.651
.620

.576
572
.596
.618
.615
.621

.691
.595
.610
.556
474
.461

.491
.481
534
.556
.576
.617
.646
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TABLE VIII - 1 continued....

6 |
T(K) 107 t(s) 1°%fmax E. 10%¢ max €, u(D)

0.80 M Hexanal in polystyrene
High temperature absorption

284.8 116.4 3.14 0.12 7.b 2.70 1.00
288.6 94.3 3.23 0.15 7,3 2.71 0.881
292.4 41.7 3.58 0.13 7.3 2.70 0.950
295.4 22.9 3.84 0.15 7.2 2.70 0.877
298.8 11.0 4.16 0.14 7.2 2.69 0.912
304.4 6.18 4.41 0.17 7.4 2.70 0.847
309.1 4.92 4.51 0.19 7.4 2.70 0.821
314.3 3.21 4.69 0.20 7.5 2.71 0.794
Low temperature absorption
90.5 217.5 2.86 0.21 6.5 2.63 0.397
92.5 129.8 3.09 0.20 6.6 2.63 0.412
96.5 57.8 3.44 0.20 7.0 2.63 0.436
99.7 32.5 3.69 0.20 7.2 2.63 0.451
100.8 21.2 3.87 0.20 7.3 2.62 0.461
107.1 5.28 4.48 0.19 7.8 2.62 0.499
109.7 3.76 4.63 0.20 8.1 2.62 0.501
113.6 2.86 4.74 0.21 8.3 2.62 0.506
0.67 M Heptanal in polystyrene
High temperature absorption.
197.2 193.9 2.91 0.21 11.1 2.74 0.821
208.8 26.9 3.77 0.20 12.0 2.72 0.900
213.7 14.8 4.03 0.20 12.2 2.72 0.914
218.3 9.43 4.23 0.19 12.2 2.72 0.940
223.1 5.3 4.48 0.18 12.3 2.71 0.988
227.6 3.41 4.67 0.18 12.4 2.71 1.00
Low temperature absorption
92.1 307.7 2.71 0.21 9.1 2.62 0.517
96.2 119.6 3.12 0.22 9.5 2.62 0.531
98.6 69.0 3.36 0.22 9.8 2.62 0.538
101.7 37.4 3.63 0.23 10.0 2.62 0.548
106.6 14.7 4.04 0.25 10.6 2.62 0.553
111.1 6.58 4.38 0.25 10.9 2.62 0.568
112.7 4.89 4.51 0.26 ~11.1 2.62 0.573
115.9 3.44 4.66 0.27 11.3 2.62 0.567
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T(K)

219.4
223.3
228.5
232.4
243.2
253.4
263.0
273.2

108.
112.
115.
120.
123.
132.

P WwWoeN

171.
173.
175.
177.
180.
182.

P OO W
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continued....

iogf ] 107¢ €
—07C2

max > max

0.59 M Nonanal in polystyrene
High temperature absorption

3.09 0.19 7.5
3.15 0.17 7.7
3.26 0.15 7.8
3.49 0.15 8.0
4.02 0.11 8.2
4.42 0.11 8.5
4.53 0.13 8.7
4.86 0.13 8.5

Low temperature absorption

3.12 0.26 6.2
3.56 0.28 6.5
3.77 0.28 6.6
4.10 0.30 6.9
4,27 0.32 7.0
4.70 0.35 7.1

0.58 M Nonanal in polypropylene
High temperature absorption

3.00 0.15 6.1
3.33 0.14 6.1
3.71 0.14 6.1
3.89 0.14 6.1
4.29 0.14 6.0
4.47 0.15 6.1

Low temperature absorption

2.72 0.23 2.9
3.14 0.24 3.0
3.40 0.25 3.1
4.11 0.28 3.3
4.44 0.29 3.4
4.53 0.33 3.5

NN NN N
e e OO OO

NN
. (] . . . .
OO0 O0O0OO0

OO0O0OOO0OO
.

Pt et ped ped fd e
. . . . . .

e
OOOOOO

u(D)

.443
.447
.456
.456
.460
.455

.862
.890
.924
.926

.885

. 365
.373
.375
.381
.385
.369
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TABLE VIII - 1 continued....
T(K)  10%(s)  logf g 103 e
qcmax s max e
0.34 M Decanal in polystyrene
High temperture absorptipn
267.0 211.1 2.88 0.14 4.2 2.67
274.0 99.8 3.20 0.14 4.2 2.67
279.6 35.1 3.66 0.14 4.2 2.67
289.8 5.81 4.44 0.14 4.3 2.66
295.7 5.63 4.45 0.16 4.3 2.66
300.3 4.06 4.59 0.18 4.4 2.66
Low temperature absorption-
117.3  140.7 3.05 0.27 5.8 2.69
120.3 66.3 3.38 0.27 5.9 2.69
123.7 37.3 3.63 0.30 6.0 2.68
125.9 22.2 3.85 0.31 6.1 2.68
129.2 10.8 4.17 0.32 6.3 2.68
134.0 5.3 4.47 0.35 6.5 2.68
0.44 M Laura]dehyde in polystyrene
High temperature absorption
298.3 189.0 2.93 0.16 6.5 2.63
304.3 82.9 3.28 0.16 6.6 2.63
308.1 41.9 3.58 0.17 6.6 2.63
313.7 15.3 4.02 0.17 6.8 2.62
318.3 5.07 4.50 0.16 7.0 2.61
323.3 2.99 4.73 0.17 7.1 2.61
Low temperature absorption
123.8 310.2 2.71 0.26 6.5 . 2.66
125.7 211.3 2.88 0.26 6.6 2.66
129.6 90.3 3.25 0.27 6.8 2.66
133.9 36.8 3.64 0.27 6.9 2.66
142.0 9.92 4.21 0.31 7.2 2.66
146.3 4.75 4.52 0.33 7.4 2.65
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TABLE VIIT - 1 continued...

(k) 10°%(s)  Togf . 8 103 .
0.55 M 1-bromohexane in polystyrene
High temperature absorption
199.2 106.4 3.17 0.18 11.2 2.62
204.1 62.2 3.41 0.17 11.3 2.62
209.1 35.1 3.66 0.17 11.4 2.61
214.3 20.6 3.89 0.18 11.6 2.61
218.9 12.7 4.10 0.17 11,7 2.61
224 .4 6.37 4.40 0.17 11.7 2.60
229.5 3.50 4.66 0.17 11.8 2.60
239.8 1.91 4.92 0.19 12.0 2.60
Low temperature absorption
97.1 366.6 2.64 0.25 5.4 2.61
100.6 209.1 2.88 0.24 5.6 2.61
105.7 68.9 3.36 0.25 6.0 2.61
110.3 27.8 3.76 0.25 6.2 2.61
113.5 17.4 3.96 0.26 6.5 2.61
116.6 9.93 4.20 0.26 6.7 2.61
121.5 4.59 4.54 0.26 7.0 2.61
126.6 2.41 4.82 0.27 7.2 2.60

[N e e Ne e Nen Nen Nen
L]

.416
.449
.456

.486
.502
522
533
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