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ABSIRALT

Dielectric constants and losses havé been’measured
at_25°C for dilute solutions of a]iphatic bromides and amines
at microwave frequencies from 1 — 145 GHz using an interferometer
method, a bridge technique and a coaxial line apparatus.,‘The
data were analyzed for mean relaxation times ahd Cole-Cole
distribution parameters. In some cases where two discrete
relaxation processes, molecular and intramolecular, might be
anticipated, analyses in termsofoBudé distribution were also
carried out. Ana]yse§ for a distribution of relaxation times
in terms of two Timiting values were used to assist the inter-
pretation of the results for bromoalkanes.

It may be anticipated that the intramolecular rotation
of a variety of segments, including the —CHZBr end group, con-
tribute to the absorption of the bromoalkanes. This has been
shown to be true from the present study. The relaxation times
for the shorter molecules increase non-linearly with increased
chain length, but are essentially the same for C]6 and C]8
bromides where coiling of the chain probably occurs. The locatian
of the dipole has a significant effect on the distribution para-
meters of the bromooctanes, but not on their relaxation times.
The distribution parameter is much smaller for 1;10-dibromodecane
than for n—bromodécane although their relaxation tfmes are

similar. Their data are adequately represented by a symmetrical



distribution and skewed-arc behayiour is not indicated.

Primary n-alkyl amines in cyclohexane are character-
ized by short relaxation times which are almost independent of
the size of the alkyl group and the location of the -NH2 group.
Considerably Tonger values are obtained for the secondary and
tertiary amines. A fast intramolecular relaxation process dom-
inates the absorption of primary n-alkyl amines but its con-
tribution decreases significantly with increased number and size
of N-alkyl grodps. Steric restriction of intramo]ecu{ar rotation
about C-N bonds of the secondary and tertiary n—bcty]amines
has been considered. Analyses for relaxation parameters in
terms of a Budé distribution may be significant for the secondary
and tertiary n-octylamines. ‘The relaxation times for the
o, w-diaminoalkanes and the ana1ogqu normal primary amines
are very similar. The increase in relaxation times for these .
amines in p-dioxane is probably due to solute-solvent inter-
actions; however, -NH2 group: rotation remains the predominant

process.
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Chapter I. Dielectric Relaxation Studies of Aliphatic Compounds




1.1 Introduction

The majority of aliphatic pb1ar molecules are generally
considered to be non-rigid. However, a number of methane deriv-
atives‘(,CHBX, CHyX,s CHX3; CX,y ), where X may be:-a halogen or
other polar unit ( NO,, CN, etc., ), can be regarded as rigid
polar molecules, i.e., dipole reorientation involves the whole
molecule. The dielectric relaxation of such simple rigid polar
molecules has been studied in some detail and correlated with
temperature,'internal.fie]d, viscosity, molecular size and Shape,
the orientation of fhe dipole in the molecule and the nature of

1 These variables are expected to have a similar effect

solvent.
upon the re]axation’of'ﬁonariéid polar molecules. In the more
flexible molecules, however, a range of intramolecular relaxation
processes may afso be possible.

Dielectric reTaxation studies have been reported
for aliphatic polar compounds in the solid, supercooled liquid
and pure liquid states as wé]] as in a variety of non-polar
solvents. Aliphatic bromides and alcohols have received the
most attention, the former group have generally been considered
to be representative polar 1liquids without special complications
of molecular structure or intermolecular forces. The following

sections present a brief review of the dielectric relaxation

studies of acyclic aliphatic polar molecules.



2.1 Solids ™’
(1) Site-Model Theory

.8’ 9, 10 considered that the distrib-

Hoffman et. al
ution of relaxation times found for a number of crystals consisting
of rigid polar molecules may be assoicated with a single-axis polar
rotator which may occupy several sites where the energies, as well.
as the intervening barriers, are a11 different as it rotates about
the axis. (Fig. 1.1) With the single-jump hypothesis, which assumed
that rotational jumps are allowed only to an adjacent site, Hoffman
was able to calculate the relaxation times in terms of the probab-
ilities of transitions from one site to another for many models.

A single relaxation time appeared for any model where the activation
barriers between the sites are of exactly equal magnitude or the
sites are all equivalent. The theory predicted that a change of
width of a dielectric loss region is to be expected as the temper-
ature changes. Indeed, several examples where a definite narrowing
of the loss peak appears with rising temperature have been observed

in long-chain esters.H

qufman's "site" model can readily give
either broadened, bimodal. or Debye-type loss curves, depending

on the temperature and the nature of the barrier system. The

ideal type of material for application of the site-model approach is
one where all the neighbours of a dipole are fixed, as in a clath-

12

rate or urea addition compound. Here the molecules are indepen-

dent in the statistical mechanical sense, and not subject to co-operative
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Fig.1.1. Local free energy as a function of rotational position
for the general three-position single-axis rotator. Each kK
represents thé probability that a dipole will turn to an adjacent
site in fhe direction specified by the arrows.

k ='B exp[(w1 + vl)/kT] and so on, where B 1is a frequency

1
factor. (after Hoffman, ref.9).



interaction. For the two systems, hentriacontan-16-one and

12 the variation of potential

12-bromdtricosane, studied in urea
energy wifh molecular rotational angle of C=0 dipole and that of
C-Br dipole ca]cu]éted using the energy function of the "site"
model, and that deduced from dielectric data seem to agree fairly
well. The agreement persists through the changes in the dielectric
loss curves with temperature. The quantitative success of the
"site" model provides one of the most satisfactory molecular
representatives in the dielectrics field. Nevertheless, the

simple site-model theory could probably be applied only at Tow
temperature in co-operative systems such as pure long chain polar

molecules where the local energy field for one molecules varies
radically with the proportion of neighbouring molecules already
rotating.]o
‘(2) Spheroidal Molecules -- tetrasubstituted methanes

The high dielectric constants of many tetrasubstituted

methanes suggest that they have some rotational freedom in the

solid state.!S ~

18 The rotational behaviour of some tetrahalogenated
methanes has been examined]9 as a function of the lengths of the
carbon-Ha1ogen radii C-X calculated as the sum of the two bond

radii plus the Van der Waals radius of the halogen, i.e., the
distance from the carbon nucleus to the hypotheticél surface of

the halogen atom. When the four C-X values differ by no more than

9%, molecular rotational freedom is observed in the solid in the

temperature region between the freezing point and a rotational



transition pqint. This intermediate phase is known as a solid
rotatqr,phase. Recent wqu_qn spheroidal substituted methane§ by
Clemett and Davies,20 William and Smyth,21 and Mansingh and McLay,22
indicates that molecular rotation is.genera11y as complete and as
Tittle hindered in the sq]id rotator phase aé it is in the liquid.
Various attempts have been made to correlate the presence of a solid
rotator phase with bhysica1 prqperties.zo’zs’z4
(3) Long-chain Molecules
Many molecules of the general formula CH3(CH2)nX
show rotation in the solid state when n is large. When n is small,
melting commonly occurs before the molecules acquire sufficient
rotational energy. For the n-alkyl bromides, rotation has been detected
in the solid state when n = 21 and 29,8’ 2 26 but not when n = 17
or 1ess.27 The straight-chain alcohols show no rotation when n = 8, 10
or 12, but'rotation and proton transfer above a monotropic transition
28 - 33 ' 11, 26, 33-37
when n = 14, 16, 18 or 22, Several long-chain esters,
, 38,39 37, 40 37, 21 42, 43
carboxylic acids, -ketqnes, ethers and amines
also show a solid rotator phase.
Many 1qng-chain compounds have two or more crystalline
forms, a waxy, translucent form first obtained on solidification of
the melt, ususlly termed the o - phase, and a white opaque,
B - phase, formed by direct crystallization or by transition from
the o - phase on standing or by lowering the temperature.6 The
a - phase consists of relatively disordered material of low specific
gravit_y.44 In some cases, different forms of the o - phase are

-5 -



known for a particular compound, e.g., n-butyl stearate shows three

45

different o - phases. The B - phase of several long-chain com-

44, 46 47

pounds, e.g., ketones esters, ° and ether’*s,44 has no significant

dielectric absorption at radio-frequencies. Conversely, a number

have a dielectric absorption’at both radio and microwave frequen-

26, 36, 48, 49

cies. The low frequency relaxation times of methyl

and ethyl esters (RCOOR') of behenic (R = C,;), stearic (R = Cy;)

36

and palmitic (R = C15) acids”" lengthen with increasing chain length

which suggests that the process involves the rotatory motion of
the entire molecule. The short relaxation time is relatively indepen-
dent of the chain length, which together with the evidence that the

short relaxation time diminishes as the dipole is removed from the

36

chain end, as in butyl stearate and cety] pa]mitate, suggests that

the high frequency absorption is due to the orientation of the polar

50

groups by intramolecular motion.s’ The radio frequency absorption

of the B - phase is usually small compared to the total dipole

36

concentration6 and decreases with decreasing temperature. The

relative values of eumax at different temperatures are approximately
the same for methyl and ethyl esters.36
The o - phase absorption may consist of two or more
maxima at audio, radio, or microwave frequencies.6 The total
dielectric absorption in the o- phase of the long-chain compounds
is much ]arger tﬁan that in the B- phase and is proportional to the
reciprocal 6f the absolute temperature,§ indicating that the

45, 46

positions of equilibrium are of equal energy whereas they



36 In the

differ by about 2Kcal per mo1e_in the 8 - phaSe.
a - phase, the aéetate esters, the ethyT estefs,‘and tﬁe methyl
ethers show a 1fnéar increase in the free energy of activation,
AG, for the slow fe1axation process with increaée'in molecular
chain Tength at room temperature. The increment in the free enérgy

per link of the chain is approximately the same in the three series.6

However, Cook and Meakins?*

found no apparent re1dtionship between

the molecular chain Tength and AE and AS, even within a particular
series. They thought this wés probably partly due to different

forms of the o - phase in different compounds. Recent crysta]lographic

studiessz’ 53

of both methyl and ethyl esters of long-chain a]iﬁhatic
acids has revealed that théy have essentially the same side-by-side
packing of chains, but differ in end packing. The activation
energies for the radiofrequency absorptions have been determined50
over the range from room temperature down to -70°C, which probably
covers both o - and B - phases. A plot of AE against chain length
reveals a'sihgle straight Tine with a slope of 0.5 Kcal per.mole
per chain atom for the two series of esters. The identity}of s]épe
fdr‘thé two series is_compatib]evwith the general simi1arity,of
chain packiﬁg. The fact4that both series 1ie on the same line
éuggests that end packing has Tittle effect on the barrier height.
This result conforms with Meakins' previous conclusion6 that,

in the o - phase, every dipole must contriubte tb the absorption
and that the combined absorption mechanisms involve complete

4 - 56

rotation of the dipoles. Dryden and we1sh5 concluded that



the radiofrequency absorption is due to the coordinated rotation

of groups of molecules rather than individual molecular rotation.
In the g - phase, molecular rotation at radiofrequencies

has been shown to be due to the presence of imperfections in the

crystal 1attice36’ 44, 54.

Evidence comes from the fact that cold
working or addition of impurities can increase the radiofreqency
absofptfon,jn sohe ] #'phase.1ong—chain compounds, and the absorption
gradually decreases_oh annealing. It has been suggested that these
imperfections affect the inter-layer packing of the molecules,"
reducing the end-to-end interaction and hence reducing the energy

36, 37, 54

difference between the equilibrium positions. On the

contrary, the total absorption in o - phase long-chain compounds

6

has a definite value at any particular temperature.- Cold-working

may just bring about some interchange in magnitude between the
different absorption regions.45
The dielectric properties of polar long-chain compounds
in dijute‘so]id solutions with long-chain hydrocarbons have been
examined;37 The magnitude of the radiofrequency absorption increases
linearly with molecular chain length and also with decreasing
temperature. Measurements have'been made with a 5% solid solution
in which the two components have the same chain_1ength,( di-n-undecy]l
ketone C11H23C0C1]H23‘in n-tricosane C23H48 ). This system shows no
significant dielectric Toss, which indicates a large energy

difference between the equilibrium positions. This can be accounted

for by a model in which the polar molecules cannot move longitudinally

-8 -



without encountering considerable interaction with the ends of the
molecules in the next layer.
(4) Hydrogen-bonded long-chain molecules

The long-chain alcohols, both primaryzg’ 33, 57 - 59

and secondary?g’ 31, 32 show pronounced absorptions 1n‘thé solid
phase, usua11y below 1 MHz. ‘The crystalline alcohol shows a larger
permittivity than the 1iquid at the freezing point, which indicates
that the chain—assdciation of hydroxyl groups already present in
the 1iqﬁid is further extended by alignment in the solid. Sack60
proposed that the strong dipolar absorption is the result of a
reversal of such a giant dipole by rotation of the individual
hydroxyl groups about the‘C—O bonds, accompanied by the breaking
and refdrming of the hydrogen bonds, and wfthout appreciable move-

ment of the rest of the'mo1ecu1esi

VN N

0—H-=-0——H-=-0—H~--0—H —)

/

He— 0= = ~H—0- ~~H—0- --H—20

The dependence of the absorption upon the length of the

---0—H---  chain has been assessed.®’

The absorption is, in
its major aspects, independent of the length of the individual
alcoho] molecules, but there is a marked difference between the
primary and secondary alcohols. The former have an activation
enekgy of about 15 Kcal/mole, the latter about 6 Kca]/mo]e.6
This may well resu}t from the head-to-head layer lattice of the

62

primary alcohols, ~ which provides the hydroxyl groups with



additional bonding sites, i.e., (a) and (b):

N --\-o——H--\-o—-H-\—-o—-H

b: v ; : i ;

< ~~H—0=--H—0=--H—0

RN

In the secondary alcohols only the one sequence (a) of hydroxyl-

:l:-'--o
o--:l:

group interaction is present.

NN NN

0—H-=-0 —H---0-—H-- -0 —H

This feature may account for the‘larger d.c. conductivity in
the primary alcohols, since inter-layer bonding would facilitate
the transfer of protons through the materia1.63’ 64

 Danie165’ 66 has prbposed a more detailed mechanism of
polarization of the --=0—H---  chains in an attempt to explain
the anomalously high permittivities of the high temperature form of
many long-chain secondary alcohols crystallized from the melt,
Which decrease with time. She stated that the dielectric properties
of the 1ohg-chain secondary alcohols were due to the presence of
chains of hydrogen bonds in conjunction with some kind of
structural flaws.

A series of long-chain aliphatic primary amines, viz.,
n-octyl, n-dodecyl, n—tetradeéy], n-hexadecyl and n-octadecyl,
have been examined;4? é solid rotator phase was detected only for
the first two and attributed to proton transfer. The absence ofrany
rotational transitions for the longer members may be due to the

different degree of hydrogen bonding in the amines as compared with

- 10 -



the alcohols. Garg and Kadaba43 investigated several simple primary
and secondary alkyl amines at 10, 3, 2, and 1 cm. wavelengths over

a range of temperatures below 0°C into the solid state. The dielectric
'cbnstant-temperature curves indicated a solid rotator phase for the

primary amines only.

1.3 Liquids and Solutions

(1) Alcohols®’

The aIéeho]S'have been more extensive1y studied than
any otﬁer group of Tiquids a]thbughra molecular model capable of
satisfactorily explaining the results is as yet unavailable.
However, it is reasonably we]i established that the dielectric
dispersion of primary aliphatic a1cohois in the pure liquid form,
over a wide temperature range, may be characterized by three
relaxation regions with the 1ow-frequen¢y processs dominating.68 - 74
The high-frequency processes ( Ty and T3 ), which provide relatively
smaT] coqtributions in the pure liquids, become increasingly
important, or alternatively the contribution from the 1ow4frequency
process ( T ) decreases, on di]ution with an inert non-polar

75 - 77

sovent. For a]cohols with a sterically hindered OH group the

Tow-frequency process is either very small or completely absent in

d78 - 80

the pure liqui » and in an inert solvent the absorption may

be represented by the To and T4 processes on]y.77’ 81

The highest freguency process ( T3 n 3 ps at 25°C ) is.

68, 77

only slightly dependent on molecular size and alcohol concen-

- 11 -



77 and is of the same magnitude as that'found for -0OH group

82, 83

tration

The fact that this process 1arge1y

rotation in phenols _
77

dominates the absorption of alcohols at Very Tow concentrations
suggests that.thevdipole orientation of alcohol monomers occurs
primari]y‘by -OH groub rotation’about'the C-0 bond in monomers rather
than by whole mb]ecd]errotation..

| The intermediate relaxation time o has been accounted

for by monomer or -OR group (as in R R R )

O%—H-’--O—H--—O—H

68, 73. Danhhauser78.examinéd eight 1iquid isomeric octanols

rotations
in a wide temperature range from -90° to 130°(f'and proposed a

model based on hydrogen-bond associative equilibrium involving both
ring dimers ( R-—-O::::::>O-—-R ) and linear chain n-mers. He

found that the magnitude and relative contribUtibn'of:rzfahe?
dependent uponrthe“temperature*and the[steric environment of the

OH group. At relatively high temperatures those species whose -OH
group is most éterica11y blocked prefer to fo?m nonpolar ring dimers,
while those alcohols with a relatively accessible OH group tend to
form open chains. The dielectric constants of the latter group
increase monotoni¢a11y with decreasingltemperature while those of
the former group go through a maximum With decreasing temperature;
the reversa] occurs near 70°C. At much lower temperatures, in the
neighbourhood of -90°C for 5—methy1-3-heptano], there is anothek
reversal of the temperature dependence of dielectric constant.

8

Dannhauser and Johari 4 also pointed out that the introduction

- 12 -



of additional methyl groups in the neighbourhood of the -OH group
| does not significantly affect the dielectric properties. They also

studied the pressure dependence of the relaxation pr‘o_c‘esses.85

Cross1éy ef,_a1.77

suggested that ring-dimer formation

may account for the initia]rdecrease in the apparent dipole mohent
with<increasing alcohol concentration in an inert solvent. However,
they considered that for dilute soTufions of alcohols with a sterically
hindered -OH group, ) is due only to the monomer rotation. In view

of the increase in ré and {ts re]étive contribution:C2 with increased
alcohol concentration they suggested that these quantities are no

1ongek descriptive of monomeriC'mo1ecu1es alone, but are weighted
averages of the values for the monomer and one or more polymers.

 The Debye-1ike®8

Tong relaxation process ( 3 ) is undoubt-
edly due to a mechanism which is sensitive to the steric environment °

of the hydroxyl group since it is not evident for the more hindered

77, 80 68

octanols The mo]ecu1ak sizé.dependence of g and its magnitude
suggest that rotation of associated molecular units might be
responsible. However, if association is into linear chains the great
distribution of sizes for such species would give rise to a distribu-
tion of relaxation times cOnf1icting with the’Debyé-like‘natufe of

this dispersion.67

'Forgmany years, the dielectric relaxation of
alcohols has been interpreted in terms of hydrogen bond rupture
followed by rotation of monomers, where the former is the rate-
determining step, the réquired energy being interpreted as the

activation enthalpy for die1ectric,relaxation.70’ 79, 86

- 13-



Recently in a study of 6-, 4-, andv2—methy1-1—heptano1

87 proposed that in:dieIectric relax-

Dannhauser and Flueckinger
ation hydrogen bond rupture is a prerequisite rather than a rate-
determining step. A particular hydrogen bond will break and reform
many times without the reorientation of either the donor or acceptor
molecule. Because tﬁe local 1iquid élcoho] structure remains, on
average, chain associative, the d{polar reorientation s necessarily
co-operative and occurs relatively seldom. When it does occur, the
“rate of reorientation depends on the size and shape of the entire
molecule insofar as this‘determines‘the interaction of a specific
molecule with its surroundings and also because the structure of
the molecule determines the nature of the surroundings. The more
highly branched the alkyl group and the more sterically hindered the
OH group, the greater the required degree of co-operation.

A highly polar cyclic tetramer88 has satisfactorily
accounted for the dependence of }] upon molecular size, the
absence of any distribution of relaxation times, the large polar-
1zat10h,78 and if steric effects prevent the association of monomers
into multimer other than dimers, the absence of a low-frequency

process77’ 78; and the small polarization for the hindered octanols.

78
Ma]ecki89 proposed another model of association into a mixture of
dimers, trimers, tetramers and pentamers. He was able to determine
the concentration of each species for t-butanol in cyclohexane, and

he concluded that trimers are cyclic while tetramers and pentamers

are present as open bonded units.

- 14 -



In contrast to the multiple relaxation processes of

primary aliphatic alcohols in dilute benzene90 77

and n-heptane
solutions, the dielectric absorption of the same alcohols in p-dioxane
solution shows a symmetrical distribution of relaxation times with
a short mean relaxation time attributable to strdng solute-solvent

90 9N examined the dielectric relaxation

complex formation. Crossley
of the four fsomeric'butano1s and 1-decanol in di]ute-p-xy]ehé
solution and 1-butanol and 1-decanol in dilute cyclohexane and
mesitylene solution at 25°C over the range 1 — 35 GHz. The most
dilute p-xylene solutioné,abbut 0.02 mole fraction, show a symmetrical
distribution of relaxation times. The data for the more concentrated
solutions separated into two dispersion regions and were analyzed'
in terms of two relaxation times, both of which are sensitive to the
nature of the solvent and solute and their concentration. Crossley
attributed the relaxation times to molecular and -OH group relaxation
processes, and found that their magnitudes and weight factors are
dependent upon the relative importance of solute-solute and
so}ute—So]vent interactions.
(2) Amides

The exceptionally large dielectric constants of Tiquid
N-monosubstituted amides have been attributed to intermolecular
association into essentially 1inear chains by CO---HN hydrogen bonds.

Dannhauser and co—workersgz’ 93

measured three isomeric N-butyl acet-
amides, three isomeric N-methyl valeramides and N-ethyl acetamide

at 0.5 —— 200 MHz and 255 — 341°K and found that their dispersion

- 15 -



loci follow the Debye equation. The relaxation times show a
specific dépendence on the size and shape of the alkyl group, but
not on.whether it is in the acid or the amine positon. They also
examined the équi]ibrium-die]ectric constants of these amides as a
function of temperature and observed that the association of the
liquids into Tinear chains,is independent of the size and shape of
the alkyl group in either position. Meanwhile they proposed a planar,
trans hydrogen—bonded po]ymefic §tructUPe with free rotation feasible
about the C=0---N-H bond. Cole and co-workers94 found that the
dielectric absorption of N,N-dimethyl formamide, formamide,
N-methyl formamide, N-methyl acetamide and N-methy] propionamide
over their 11quid temperature range at 1 —— 250MHz all show Debye
behaviour and proposed a similar model of hydrogen bonding.
N,N-Dimethyl amides of straight-chain aliphatic
monocarboxylic acids and higher N,N-dialkyl amides of formic acid

and acetic acid have been studied.?®

The lower homologs show an
exponential decrease in their dielectric constants with increased
chain length owing to the corresponding decrease in the number of
molecular dipoles. The formamides have been found to display a
special behavipur which is presumably capsed by associated forms
effected by participation of the formyl H-atom. Consequent]y the
existence of different rates and forms of association has been
proposed.

(3) Bromoalkanes and other aliphatic liquids

97 - 107

The n-alkyl bromides are the only class of

- 16 -



non-associated liquids whose dielectric absorption has Been

studied in any detail, However, some conflict has arisen regarding
the nature of their?distributibn function and the fnterpretation of
the results at the molecular level. The interpretation'and comparison
of relaxation data for these and other classes of aliphatic

43, 109 - 112 ¢ complicated by uncertainties regarding

l1iquids
the effects of viscosity, internal field and molecular interaction.
In dilute solution these factors.are minimized, but relatively few

studies have been reported.114 - 116

(i) Alkyl Halides

Smyth and ¢Q-workers117’ 118

studied Tiquid i-butyl
chloride, i-butyl bromide and i-amyl bromide at‘0.5, 5 and 50
KHz and detected dielectric dispersion at Tow temperatures. In

99 the results of dielectric measurements

1948, they 1r'ep01r'tedg7 "
at 1.27, 3.22 and.9.72'cm wavelengths from 1 to 55°C for 27 liquid
organic ha]ides, mostly n-élky] bromides, of different sizes, shapes
and rigidities. The mean relaxation times and Cole-Cole distribution
parameters increased with increased chain length, and decreased

with increased temperature. Ailarge number of a]kyi bromides show
Debye-1ike bebaviour at 55°C, which may be due to an increase in the
uniformity of the rotational poten?ia] barriers throughout the 1iquid.
Smyth et. al. considered that the iarge distributiqn parameters for

the long chain alkyl bromides resu]t from segmental reorientations

about C-C bonds, with a maximum rotating unit rarely larger than

- 17 -



.the segment of a chain extending ten to twelve carbon atoms from
the dibd]e. They also noticed a close parallelism between the
processes'of dielectric ré]axation and viscous flow. Exceptions\
were only obserVed for éhort mo]ecu1es'$uch as i-propyl and t-buty1
bromides for which'tﬁe decrease in the relaxation time brought
about by chain branching is not accompanied by a consistent decrease:
in the viscosity of the 1iqﬁfd. This is not unreasonable since
dipole orientation occurs merely by rotation and is facilitated
by an approach to sphericity. Translational motion which in additioﬁ
to rotation is required for viscous flow may be hindered by the
increase in the smallest molecular dimension caused by branching
of the chain. The increase in the po1érizab111ty of the rotating
group with consequent increase in the van der Waals attractive
forces between the molecules was considered responsible for the
increase in the-viscosity‘and the relaxation time from chloride
to bromide to iodide as well as from n-propyl bromide to ethylene
bromide.

Ethyl bromide, t-butyl chloride and n-octyl bromide
have been measured in severa] nonpolar solvents { n-heptane,
benzene, cyc]ohexane‘and n-hexadecane ) at microwave frequencies

between 0 and so°c! 14

. The relaxation times for the pure Tiquids
are longer than those for any of the solutions even though the
viscosities are sometimes smaller. Whiffen and Thompson”9 had
reported earlier that in a very vfscous solvent such as Nujol,

the relaxation time of 1ong-chain'unsymmetrical molecules would
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become longer than that of the pure solute. However Smyth and

120’vm]}showed that, while the long-chain flexible molecule

‘co-workers
of‘n;tetradecyl bromide showsva-re]axation time of &100 ps in

Nujol at 20°C which is longer than those in n-heptane ( n=1/260
”Nuj&ﬂ““d in the pure liquid ( n=1/20 "NujoT ) at the same temp-
erature, the re]axatioh time of t-butyl chloride is only 2/3
greater in Nujol than in n-heptane and is even smaller than-that
of pure t-butyl chloride. They attributed the result to the near
sphericity of the t—butyl chloride molecule which can rotate
without any'considerable displacement of the neighbouring molecules
while the rotation of an unsymmetrica1'mo1ecu]e around one or more
axes would involve the translational displacement of some of its
neighbours with consequent viscosity dependence of the relaxation
time. This viscosity dependence becomes less important with
increasing chainllength in long, flexible molecules, which is
consistent with the idea that dipole orientation may involve only

a small segmenf of the molecular chain.

103 Studied i-butyl chloride, i-butyl bromide and

Denney
q-amyl brbmide'at Tow temperatures (c.a. 100°K ) in the frequency
range 0.05 KHz to 2MHz and obtained Cole-Cole complex p1ane_1oci:
in an unexpected skewedfarc form7] with small deviations at very
high fréquencies. This dielectric behaviour is similar to that of
polyhydroxy1 alcoho}s71 but differs from that of monohydroxyl

71, 72

alcohols. Further investigation of these halides in the

supercooled 1iquid state]zz estab]fshed a close parallelism between
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the viscous flow and dielectric relaxation process as observed

117, 118 :

previously by Smyth and co-workers for several organic

hd]idesbin the normal Tiquid state. In a study of i-amyl bromide

‘and its solutions in’ 2-methylpentane in the ranges of 50 Hz —

7

300 KHz and ]02 — 10" poises and room temperature to -151°C,

123 observed only a single dieiectrit dispersion

Denney and Ring
region at all concentrations, with the distribution width Showing
a maximum at a certain intermediate concentration which suggésts'
the importance of environméntal heterogeneity. Meanwhile they
again_notitedfthe simi]arity between the concentration and
temperature dependence of dielectric relaxation and shear
viscosity and proposed that a large quecu]ar region is involved

in the relaxation process so that individual molecular inter-

actions tend to be averaged.

104 97 - 100 103

reviewed both Smyth's and Denney's
studies on alkyl halides and pointed out that, for i-butyl bromide,

Glarum

the parameter g occurring in the skewed-arc function varies from a
1ow-tempera£ure value of 0.5 to nearly unity at room temperature

in whiﬁh case Smyth's data aré described‘by a circular-arc locus

with a very small distribution parameter. In order to obtain some
insfght into the skewed-arc functibn for non-associated liquids

Glarum examinéd i-amy1 bromide at 1, 3, and 9 GHz between -75° and
+25°C. He found that on a reduced complex’plane plot the points

at all temperatures fell reasonably close to a Single curve which could

be described by an asymmetric skewed-arc distribution function
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with g n 0.7, a1though a circu]ar—érc plot gave a better represent-
ation of the high-freqUency data. In proposing a model, thevdefect
diffusion model, to exp]éin the dielectric behavior of_this system
'vhe supposed thét Skewed—arc,behaviour arises from a co-bperative
relaxation process, i.e., mo1ecu1esrdo not re1ax independently

of one another and the motion of éfparticu]ar mo]ecﬁie dependé to
some.degree on thaf of its neighbours. This modé] implies that the
relaxation of a molecule is most probable immediately after one of
its neighbours has relaxed.

h]O] represehted‘the previously

99

Higasi, Bergmann and Smyt
measured dielectric data for the n-alkyl bromides” in terms of
a distribution of relaxation times, similar to that discussed by
Fréhlich;]24 between two Timiting values calculated from_the
mean relaxation time and the distribution parameter o obtained from
the Co1é—Co]e arc plot. The lower Timit was taken as the ré]axation
time for the rotational'orientation‘of the -CHZBr group about its
bond to the rest of the molecule. -The upper Timit was,considered'
fokrepresent'the relaxation time of the largest orienting Unit;
usually the molecule as a who]e; 5They claimed that the numerical
values obtained for the}tWo 1imits, ohe small and increasjng slowly
with molecular size, and the other Targe and increasing rapidly
with_mo}ecu]ar size, are consistent with‘this physicé1 picture of
the relaxation process, indicating:the appro*imate correctness of
the distribution funcfion. |

102

Vaughan et. al. further investigated the dispersion
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of several alkyl ha]ides,atvm111imeter wavelengths between 1 and
259C in order to obtain improved accuracy in the relaxation tfmes
forj-CHZBr group orientafipn. They examined the results together
with the previouSly measuréd-]ower freqﬁency data and obtained
asymmetric reduced Comp]ex plane plots. The losses at 2.2-mm wave-
length are unexpectedly high and the curves range from left to
right skews. In discussing the observed die]ectric behaviour they
stated that the distribution ofirelaxation times decreases with
increasing temperature owing to a narrowing of the spread between
the limiting Va]ues, and that the decrease with decreasing chain
length is due to both the removal of the relaxation mechanisms with
the longest relaxation times and the decreased viscosity.gg.:With
this evidence fn support of the concept of a distribution between
the Tlimiting values they put forward a more general form of a

125

distribution function, which is similar to Macdonald's expression

for a relaxation process in terms of a distribution of activitation
energy barriers between limits. Méanwhi]evthey exp]ained'the' |

extra loss at 2.2-mm wavelength by a relaxation mechanism similar

126

to that proposed by Whiffen. In addition, they suggested that

the ease of rotational orientation of the -CH_Br group is such that

2
it contributes more strongly to the loss at 2.2-mm wavelength than
is indicated by the distribution function they proposed. Winsiow

et. a].]27

had suggested that the Cole-Davidson behaviour is not
restricted to low temperatures. Vaughan et. al. accordingly compared

the exactness of the Cole-Davidson and the 'Higasi-Smyth' distribut-
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jon functions as a representation 6f the experimental data. They
conc]uded that, whereas the relaxation mechanism which leads to
Coie—Davidson‘béhaviour may be neglected for the nofma1 Tong chain
alkyl bromides, this mechanism may persist in iébutyl bromide and
i-amyl bromide at room temperature and above thdugh the unique
representation for these two bromides was questioned.

06 examined the die]ectric absorption

Mopsik and Co]e]
of n-octyl iOdfde at audio frequencies and 12 frequencies from
10 MHz to 9 GHz between -40° and +40°C. The frequency dependence
of the Tloss was found to only deviate slightly from a}Co1e—Dandson
skewed-arc function, and this behaviour changes very Tittle with
temperature over the 80 degree range. " They concluded that prévious

measurements on alkyl halides believed to show symmétrica197" 101, 114

102 complex dielectric constant 1061 would be consis-

or left—skéwed
tent with the Cole-Davidson skewed-arc representation if certain

data notably those at 10 cm.wave]engthloo were}experimental]y in

error. As a consequence, the skewed—arc behaviour can be attributed

either to a finite distribution of,Simp]e exponential decay processes

for loss of dipole correlatidn as propdsed-by Smyth and associates,]O]’ 102
or to a diffusion-like mechanism for which the decay function is not
exponential and is only formally expressed as a continuous distrib-

104, 106, 128

ution of exponehtia]s. The Brown workers have emphasized

the latter viewpoint, in which the broader range of frequencies or .
times of significant relaxation effe#ts is considered to result from.

the intermolecular co-operative nature of interactions involving

- 23 -



106 also

any given molecule and its neighbours. Mopsik and Cole
pointed out that if the observed reTaxation in n-octyl iodide can

be explained as a superimpositidn df_four or five skewed-arc functions,
each wi{h B = 0.7, and times differing by a factor 5 from maximum

to maximum, the intramolecular mechanism proposed by Smyth and

associates]O]’ 102

may still act to modify the broadening produced
by the co-operative processes though it is not the primary origin
of the broadening.A

107

Berberian and Cole extended the previous studies of

104 103

Glarum and Denney to supercooled i-amyl bromide from 122%

down to the glass-transition temperature, 107°K, by steady-state

5 to]O'2

a.c. measurements from 10 Hz and by transient measurements:
at times from 2 to 700 seconds. They found that, except for small
deviation at high frequencies probably due to minor changes in
dipole moment by internal rearrangements of neighbouring bonds,
the a.c. data can be described by a skewed-arc ré]axation function
with g in the range of 0.57 — 0.50, and the transient data by

the incomplete y function with the corresponding values of 8
approaching O.S_atvthe g]ass-transition temperature. In view of
the work done on i-amyl bromide they have drawn two striking
features for its relaxation behaviour. First, the temperature
dependence of the mean relaxation time is well described by the
fb]}owing empirical equation which is valid from 145%K down to its

glass-transition temperature,

log gry, = A + B/(T - T) (1.1)
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where A = 7.1 X 107"/ sec., B = 620°Kk, and T = 74%. A similar

equation successfully fits Denney's data for the viscosity of

122 2 ——-109 poises at temperatures

isoamyl bromide in the range 10
from 137° down to 113%K. Secondly, the change'in the frequency
or time dependence of the relaxation gives strong indications of
a limiting low-temperature behaviour chéracterized by the value of
thedistribution paremeter g = 0.5 They have also discussed the

implications of the behaviour of i-amyl bromide in relation to
104

129 .

the molecular relaxation thegries of Glarum, Adam and Gibbs,

130

and Anderson and Ullman, all of which have the common feature :

that they invoke co-operative interaction effects. So far, Cole
and associates]07 have realized that, withlthe existing theories,
the physical interpretation of the skewed-arc function is still

far from being satisfactory and compiete.

(ii) Esters

Smyth and c:o—workelr"s]09

examined ethyl, i-amyl, cetyl
and octadecyl acetates, tetradecyl palmitate, decyl, tetradecyl

and cetyl stearates, tristearin, distearin, and monostearin, and
ethylene dimyistate, dipalmitate and disteafate'at 1.25, 3.22'

and 10.0 cm between 3° and 90°C. 'Theimean‘ré]aXation times
lengthen with molecular chain 1éngth énd with viscosity as observed

97 - ]01P 114 However, the relaxation

previously for alkyl bromides.
times for the esters are only about'haaf as long as those of anal-

ogous alkyl bromides despite their similar viscosities. No
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significant change in relaxation time is detectable When the
location of the molecular dipole is moved awayhi from the chain end.
It was suggested that the orientation of polar molecular segments
occurs by rotation around the carbon-carbon bonds for all locations

of the polar group.

(iii) Ketones and Aldehydes

110, 111

Smyth and co-workers measured acetone,

2-heptanone, 4-heptanone, 8-pentadecanone and 9-heptadecanoneﬂ
at 1.25, 3.22, and 10.0 cm wavelengths from 1 to 60°C (Table 1.1).
The relaxation time for 2-heptanone is slightly longer than that

109 a molecule of similar size and viscosity.

109

for i-amyl acetate,

In constrast to the alkyl esters, these ketones have about

the same rate of increase in relaxation time with viscosity as

the alkyl bromide.97’ 9 However, unlike both long-chain alky]l

101 109 the two Tong-chain symmetrical ketones

bromides ~  and esters,
have very small distribution parameters ( o 0.1 ). This

behaviour 1ndicates that these ketones may possess a mode of intra-
molecular reorientation (probably twisting around the R-C and R';C‘

bonds) different from the segmental rotation proposed for a]kyT
101 .

bromides. The slightly Tonger relaxation time for 4- than
2-heptanone may indicate that segmental rotation becomes more
difficult as the dipole is removed from chain ehd. The ratio
ro/n for these two heptanones decreases with increased absolute

temperature in agreement with the explr'ession,]43
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Table 1.1. Relaxation Parameters, Viscqsities and Dipole Moments of

Several Aliphatic Ketones. ( from refs. 110 and 111 )

Ketone t% o ~Am n Am/n TS Té/n u
........ C(emy o lep) o (ps) (D)
(CH3)2CO 1 0.03 0.75. 0.397 1.9 3.98  10.0 3.04
20 0.0 0.63  .0.325 1.9 3.34 10.3  3.06
40 0.0 0.52 0.268 1.9 2.76  10.3 3.08
C5Hq1COCH4 1 0.12 2.88 1.10 2.6 15.3 13,9 2.96
20 0.07 2.04 0.807 2.5 10.8 13.4 2,97
40 0.06 1.55 0.624 2.5 8.2 13.1°  2.99
50 0.0 1.47 0.56 2.6 7.8 13.9
60 0.05 1.15 0.50 2.3 6.1 12.2 3.0
C4H5COC3Hy 1 0.09 3.26 0.98 ~ 3.3 17.3 17.7 3.06
20 0.07 2.35 0,736 3.2 12.5 17.0 3.07
40 0.08 1.67 0.571 2.9 8.9 15.6 3.08
60 0.10 1.35 0.460 2.9 7.2 15.7 3.09
(C;Hy5)oCO 50 0.1 6.2 1.85 3.4 32.9 17.8
(CgHq7),CO 50 0.09 6.6 2.5 2.6 35.0 14.0

* Calculated from r = (6w x 10]0)1o
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. 4ma’n

To KT (1.2)

where a 1is the molecular radius, despite the constancy shown
by acetone. Smyth ahd co-workers also found thatthe To/n ratio
is greater for the heptanones than for acetone, but much Tess
than the 2 to 1’ré1ationship predicted from the ratio of molar
volumes. They explained this by considering that the rotation
of the heptanone molecules as extended rods around their axes
may be the dominating process.

116

Johari et. al. reported a Targer distribution

for 2-octanone in dilute n-héptane solution at 25°C than those

for acetone, 2-heptanone and 4-heptanone as pure 1iquids.]]]

They compared'the mean relaxation time of the 2-octanone,

T, = 4 ps, with those of several other similar molecules at

111

similar temperature, viz., 2-heptanone, 10 ps; acetyl group

rotation for aromatic molecules in nonpolar so]vent,]3]’ 132

119, U-3 ~3.2 ps. Apparently, the

n7 ps; acetone in benzene,
acetone molecule rotates about the axis perpendicular to the
C=0.bond and sweeps out a volume similar to that swept out

by the acetyl group in 2-octanone, and the comparable mean
relaxation times indicate that acetyl group rotation is the
dominating process in dilute solution of 2-octanone. They

also measured n-octyl aldehyde in n-heptane at 25°C]]6~and anal-

yzed the data in terms of two relaxation times, T]Q]8 ps and T2Q1.9 PS,
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134 found

the latter was attributed to -CHO group rotation. Lal
that the relaxation times for aliphatic aldehydes increase with

chain length.

(iv) Ethers and Sulfides

Smyth and CO-WOerFS]]O found that the dielectric
absorptions of ethyl ether ana n-decyl ether at 1.25, 3.22, and
10.0 cm wavelengths between 4% and 85°C may be characterized by
single relaxation times, 10(04) = 2.3 ps and TO(CZO),z 30 ps. The
difference is less than that required by the Debye equation, Eq. 1.2,
and has been attributed to a molecular structure of zig-zag chains
forming close-packed cylinders in n-decyl ether so that the mol-
ecular relaxation time should be proportional only to the internal
or microscopic viscosity which is much smaller than the macro-
scopic viscosity. The ratio_bf the viscosity of ethyl ether to
those of the more viscous liquids, n-butyl bromide99 and ethyl
a\ceta’ce,]09 all three having a comparable molecular vo]ume,}are
similar to the ratios of the mean relaxation times.

.]]5 studied several long-chain alkyl

Dasgupta et. al
etheré, ethyl ether and didodecyl sulfide in dilute n-heptahe
solutions from 6° to SOQC at microwave frequencies and were able
to analyze their data in terms of two relaxation times. (Table 1.2)
The resultant moment}associated with the over-all molecular orien-
tation of ethers and sulfides bisects the C-0-C or the C-S-C angle,

and reversal of this dipole may occur by a high-frequency, intra-

molecular process which involves twisting or partial rotation
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Table 1.2. Relaxation Parameters for Several Alkyl Ethers and a Sulfide
in n-Heptane. (from ref. 115)

tc 1 (ps) o 7,(ps) a(ps) G,

‘Ethy1 ether ( f, = 0.1505 )

6 1.9 0.03
25 1.3 0.06
Dihexyl ether ( fo = 0.1508 )
12 18.6 0.14 42.5 8.0 0.70
30 14.8 0.11 30.7 7.1 0.75
50 5.9 0.01
Didodecyl ether ( f, = 0.1412 )
12 42.4 0.35 204 9.3 0.49
30 28.6 0.25 119 7.7 0.59
50 10.6 0.12 41 6.2 0.75
Didodecyl sulfide ( fé = 0.1187 )
20 45.1 0.35 213 11.9 0.53
35 29.2 0.26 122 10.3 0.59
50 13.3 0.13 47.7 8.5 0.72
Dodecyl methyl ether ( f, = 0.1523 )
12 9.5 0.34 46.4 4.4 0.63
30 7.0 0.25 36.1 3.7 0.71
50 5.5 0.18 28.4 3.2 0.80
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around the C-0 or C-S bond.

116

Johari et. al. examined di-butyl ether in n-heptane

at 25°C in the same frequency range. The rz'va1ue of 3.4 ps is smaller
than would be expected forv-0C4H9 rotation about the 0-C bond and

is smaller than that found for the -OCH3 group rotation in n-dodecy]l

methy]l ether§]]5’ 116 It was considered that twisting around C-0

bonds was the dominant mode of dipole orientation for symmetrical

115

ethers, as proposed earlier. The ] value df 16 ps is consist-

ent with those of other molecules having the same number of carbon

116 116

atoms, i.e. n-octyl aldehyde and n-octyl amine. Srivastava

et. a.!3%. 136

also measured di-butyl ether as pure liquid at 30°C
and in benzene at 25°C at 9.72 and 31.82 GHz and obtained t_ values
of 5.0 and 6.3 ps respectively.
(v) Amines

The relaxation times of some simple pure liquid alkyl
amines at 20°C have been obtained from measurements at 9.5

Hz137

G (Table 1.3). For primary, secondary and tertiary amines

the relaxation times lengthen with the chain length and the degree

43 found that the mean relaxation times

of branching. Garg and Kadaba
for pure liquid primary amines with 2 to 5 carbon atoms are almost
independent of the alkyl group whereas the values forvthree

symmetrical secondary amines (di-ethyl, di-n-propyl and di-n-butyl )
lengthen with mo]ecu]af size. These few examp]és can however hardly
establish any general trend of relaxation behaviour. Johari et. a].]16

were able to detect a separation into two absorption regions in the
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microwave frequency range for n-octyl amine in n-heptane at 25°¢.
Their 12 value, ~2 ps, is slightly longer than those obtained for
the aromatic amines aniline and N,Nfdimethy1ani1ine]38 - 140 for

which inversion of the nitrogen atom has been considered as a

possible relaxation mechanism. Kadaba and co-workers]4]

have
indicated the possibility of two relaxation processes for some

primary alkyl amines.

Table 1.3. Relaxation Times (ps) for Some Alkylamines (from ref.137)

T
¢}

n-Butylamine 3.8
n-Hexylamine 4.6
Di-isopropyl amine 10.4
Di-n-butyl amine 13.7
Di-isobutyl amine 16.2
Tri-ethyl amine 9.2
Tri-n-butyl amine 18.1
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Chapter II. Basic Theory




The dielectric constant or permittivity, e, is a
frequency-dependent quahtity which is characteristic of thé medium
between two Charges; It may be defined as thé ratio of the field
strength in vacuuh to that in the material for the same distribution
of charge. It is also given by the ratio of the capacitance of a
condenser with material between the parallel conducting plates to the
capacitance of the same condenser when the material is replaced by a
vacuum. As the frequency of an applied electric field is continuously .
increased, for a dipolar material, from a static field up to the
microwave region, the reorientation of dipo]es‘in the field will, at
some stage, lag behind'the‘vo1tage 6sci11ations, The resulting phase
displacement (8) leads to a dissipation of energy, as Joule heating,
in the medium which is measured by‘the dielectric loss (e") defined as

e" = ¢'tang (2.1)
where ¢' is the real part of the dielectric constant and tané is
the Toss tangent or the energy dissipation-factorf In this frequency
region the die]ectric constant is a complex quantity given by

e* = ¢' - je" (i = /-1). (2.2)

The relationship between e', ¢" and & is illustrated by the diagram.




In a low-frequency electric field there is no lag between
the orientation of small polar mo]ecu]és of a liquid and the variation
of the alternating voltage. For sucH a system the reorientation of
dipoles is a molecular process transmitting the electromagnetic
energy through the medium. The system corresponds to an ideal dielectric
in which the electric energy is transmitted without loss. The corres-
pdnding dielectric constant is the static dielectric constant ¢, of
the material.

143

The Clausius-Mossotti-Debye theories give the total

polarization of a polar molecule in an electric field as,

- 41No : uz) e~1f M
. p = = St ) 2.3
Piotal ~FE* A+ P03 (°‘E oAt mT e ¥2 d.) (2.3)

where o is the po]ariiability, No is the Avogadro's number, k the
Boltzmann constant, p the electric dipole moment, T the absolute
temperature, M the gram molecular weight, and d the density (gm. per
ml.) of the material. The total polarization arises from three simul-
taneous deformations: (a) electronic polarization, PE’ i.e. electrons
are drawn one way and the nuclei the other, (b) atomic polarization, Py>
due to the change in the mean positidns.of the 'positive-charge-rich'
(6%) and 'negative-charge-rich' (5-) atoms, or the relative angles of
polar links, and (c) orientation polarization, PO’ due to orientations
of the permanent dipole whose dipole moment is u. In the orientation
process a dipole tends to align its moment against the field such that

~

its potential energy is a minimum.

v

The Clausius-Mossotti-Debye theories are applicable to
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gaées buf are often inadequate when applied to polar liquids

due to the invalidity of thé Lorentz field used in thése theories
as a measure of the 1océl field in a dipolar dielectric.

| In order to obtain a relation between permittivity and‘
dipole moment which”sh6u1d=have a wider range of Vaiidity, Ons'ager']44
considered a po]arizab]errigid point dipole of moment m at the center
of a spherica] cavity of moiecu1ar dimensions in a continuous medium
of static permittivity €,- The-assumption that the cavity in which
the mo]ecu]e lies can be treated as a sphere in a homogeneous

medium however limits the validity of the theory to materials in

which there are no strong local forces.

The Onsager theory gives the relationship

(e,.-€,) (2e +Ew) M _ 47N _p? A
€0 (Eat2)’ d 9kT (2.4)

where e¢_ is the very high frequency or optical dielectric con-
stant. At very high frequency when the orientation polarization

vanishes Eq. (2.3) becomes

€wx-1 M __ 47N (2.5)
e 2 d 7= (ag* o))

Combination of Eqs. (2.3) and (2.5) gives the Debye equation,

3(eg-€Ex) M 4nNy?
D (er2y @ - OKT (2.6)

Egqs. (2.4) and (2.6) allow a comparison of the values of UZ

given by the Onsager and Debye equations:

n2(Onsager) _ (2e.+ey) (eg+2) _ 4 (2.7)
uZ (Debye) 3e,(Ewt?)
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The Onsager equatiqn will be reduced tqrthe Debye equation when
e, and e, are praética]]y identical as for gases at Tow pressures.

| Onsager's original theory does not hold for such associ-
atédnliquids as watéf, alcohols and carboxylic acids. K1rkwood145
pointed out that hindered rotdtion, due to either intermolecular or
intramolecular association, must play a part in the dielectric polari-

zation of pb]ar liquids. Taking the mutual orientations of the

145 124

molecular dipoles into consideration, Kirkwood and Frohlich
developed theories leading to an additional relationship between

e and p:

(e.~€x) (2egq+€,) (___) 47N u (2.8)
NGy KT

The factor g which measures the degree of orientation is given by:

9 = 1+ z(cosY) zyerage (2.9)

where -z is the average number of molecules showing preferred
orientation around one.dipo1e molecule, and (c05y)average is the
average value of the cosine of the angle between the fixed central
dipole and those of adjacent molecules. The divergence of g from
unity measures the inf]dence of a dipole on the free rotation of
‘neighbouring molecules. For g>1 association predominantly involves
the parallel alignment of the near neighbour dipoles, while g<1
indicates antiparallel alignment. For nonassociative 1iQu1ds the g

factor departs little from unity; in such case the Frohlich-Kirkwood

equation (2.8) is identita] to the Onsager equation.
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The mo1ecu1ar po]arizatiqn is dependent on the frequency
of the applied field. At Tow frequencies the dielectric constant
is numerica]]y equal to that obtafned'when a static field is employed.
This value persists as the frequency is increased until the duration
of the field becomes comparable with the relaxation period of the
molecular species forming the dielectric. At this point the molecules
are no longer able to completely follow the reversals of the field.
Thus there is an appreciable'time lag in the attainment of equilibrium
of molecular orientation which leads to a diminution in the orientation
polarizability, and ultimately orientation is -undetectable. At thié
point the molecular polarization is given by the atomic and electronic
polarizations. At still higher frequencies, however, the atomic nuclei
cease to follow the field and the dielectric constant is given solely
by the electronic polarization. Figure 2.1 illustrates the frequency
dependence of the total polarization.

Electronic polarization is a process requiring about 10']5
sec. and corresponds to frequencies in the ultra violet region. Atomic
polarization arises from the displacement of the atoms relative to

-12 to 10']4 sec., corres-

one another in the molecule and requires 10
ponding to the infrared region. The time required for the orientation
polarization process depends on the frictional resistance of the medium
to the change in molecular orientation, and for small molecules in
liquids of Tow viscosity, it is about 10717 to 10712 sec., correspond-
ing to the microwave region.

‘Dielectric relaxation is the exponential decay with time of
the polarization in a dielectric when an external field is removed.
The relaxation time, t, is defined as the time in which the polarization

is reduced to 1/e times its original value,
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Fig.2.1. Total Polarization versus Log Frequency.
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P(t) = Py exp(-t/t) (2.10)

where, PO = Specific polarization in a static field,
P(t) = specific polarization at time t in an electro-

magnetic field.
The frequency dependence of €' and €" in the region
of dielectric absorption fok'a system characterized by a single

discrete relaxation time is given by the Debye equation,

e¥ = € + S0 = Ex (2.11)

where  is the angular frequency.
On separation into real and imaginary parts,

Equation (2.11) becomes,

D e :
€ = £ 4 _EO = Ex
| M eram e (2.12)

" €, = E£oo)WT
( 1+ w")t‘ (2.13)

Elimination of wt from these equations gives

2 2

(e' -—E-L-}—E‘&-) + (e")z = (-E'Q';'EE“‘) (2.14)

which is the equation of a circle. The Tocus of €' and €' in
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